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The present invention concerns improvements relating to electrical power measurement and 
more particularly, though not exclusively, to a method of measuring an electrical power 
parameter, such as Apparent Power or Power Factor, which is accurate for single and multiple 
5 phases xmder all conditions namely those of balanced and unbalanced loads, and distorted and 
non-distorted waveforms. 

The quantities that have conventionally been used to measure the quahty and quantity of 
electric power are generally considered to be true and accurate when power is supplied to the 
load in a sinusoidal waveform and the load bears equally on each phase of the supply. The 
10 parameters that are widely used in power measurement are Active Power (P), Apparent Power 
(S), Reactive Power (Q) and Power Factor (PF). 

O 

^ Active power, when integrated in time, is used for bilUng purposes and reflects the energy 

o consumed. Power Factor in AC circuits is a convenient figure of merit representing the 

3 ; ; 

2 Utilisation of the supplying system by consumers and is used to determine the quality of the 

^ 15 load. Reactive Power contributes to transmission losses and is used to define the oscillation of 
energy caused by reactive elements in the load. It is an important quantity in defining the 
current carrying capacity of electrical transmission systems, in the design of consumer plants 
and equipment and is often used in the calculation of Power Factor. Apparent Power is used 
to measure the maximum demand for industrial loads and it reflects the capital investment in 
20 the supplying systems. Apparent Power is also used in power engineering to define the 
maximimi ratings of electrical apparatus, and in revenue metering, it is used as a meaningful 
quantity in the general power theory of electrical networks. 

Of the above-mentioned quantities only the first, Active Power, is wddely accepted as holding 
for xmbalanced or non-sinusoidal situations. Reactive Power, Apparent Power and Power 
25 Factor become less valid when the supply is distorted or the load is unbalanced. 

Non-linear and unbalanced loads are widespread and have caused concerns to electricity 
suppliers, users and regulators for many years. Non-linear loads have detrimental effects on 
components of the power system, they give rise to harmonic power flows to other users of the 
supply, and they contribute to a deterioration of the supply quality. Also, load imbalance in 
30 polyphase systems reduces the performance of the distribution system, causes voltage 
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asymmetnes 



which 




le harmful for customers' loads, 




also contributes to a 



deterioration of the supply quality. In the absence of a proper system for power measurement 
for non-linear loads, various approximations and work-arounds are made. These are 
unsatisfactory from many points of view: consumers are not charged accurately, and 
equipment designers have to cope with a margin of error when their prototypes are tested, for 
example. 

The lack of a universally accepted definition of Apparent Power, for example, leads to 
inconsistencies and inaccuracies in VA demand meters used for billing purposes. Meters from 
different manufacturers (or even different models by the same manufacturer) use different 
definitions of Apparent Power. Different operating principles may also be used. Each meter 
type therefore responds differently to different types of load, and no conventional meter gives 
consistent results for all loads. Under distorted waveform conditions their readings can differ 
by several percent even for the same balanced but non-linear, load. In extreme circumstances, 
the differences may be as high as 30%. Standard engineering text books tend to skate over this 
problem, but International institutions such as the DEC, IEEE and lEE are well aware of it. 

Due to uncertainties in defining Reactive Power in non-sinusoidal situations, the use of 
Apparent Power is preferred in some countries for determining Power Factor. However, using 
existing standard power theory in AC circuits, Apparent Power itself caimot be defined 
consistently in an imbalanced three-phase system. 

There is a considerable body of literature which describes the shortcomings of the current 
approach to calculating Apparent Power, Reactive Power, and Power Factor. Examples 
notable for their clarity are: 

(1) A. Emanuel, "On the Definition of Power Factor and Apparent Power in Unbalanced 
Polyphase Circuits with Sinusoidal Voltage and Currents,", IEEE Trans. On Power Delivery, 
Vol. 8, No. 3, pp. 841-852, July 1993; 

(2) P. S. Filipski, Polyphase "Apparent Power - the Misleading Quantity In Non-Sinusoidal 
Power Theory: Are all Non-Sinusoidal Power Theories Doomed to Fail?," ETEP, Vol.3, 
No.l, pp. 21-26, Jan/Feb 1993; and 

(3) R West, "The Measurement of Apparent and Reactive Power with Unbalanced Loads and 
Non-Sinusoidal Waveforms", Distribution 2000 Conference, Sydney, 1997 



2 



These authors describJ^P^e key aspects of the problem. Firstl^JHat there appears to be a 
good working definition in single-phase systems, where convention gives rise to calculated 
quantities to which one can attribute a physical meaning. Secondly, that there is a problem in 
polyphase systems of attributing a real physical meaning to the calculated parameters in 
5 existing theories. Intuitive reasoning appears to fail here. Thirdly, that the analysis of 
polyphase systems gives rise to no less than five diflferent definitions for Apparent Power in 
three-phase systems with or without distorted waveforms. These results are often diflferent by 
quite significant margins; particularly in unbalanced systems with distortion. 

A good review of previous works has been presented in the paper by West (1997). The 
10 problems have been reported in many technical papers in for example by West (1997), Filipski 

(1993), Emanuel (1993), and in IEEE Workmg Group Report, "Practical Definitions for 
Q Powers m Systems with Non-Sinusoidal Waveforms and Unbalanced Loads: A Discussion", 
m IEEE PWRD, Vol. 11, pp. 79-101., but yet no acceptable solutions have been found. The 
y emphasis for calculating Apparent Power is now on System (equivalent) Apparent Power, see 
H 15 the papers by West (1997), Emanuel (1993), and IEEE Working Group Report. Also, the 
gi quantity know as RMS Apparent Power has also been considered by some technical 
~ institutions. 

S : 5 

p One of the main disadvantages with all the proposed methods for calculating Apparent Power 
g is the fact that their results all depend on the voltage of reference point at which measurement 
^ 20 is made. In single-phase circuits, the RMS values of voltage across the load and current 
through the load are clearly defined. However, in three-phase systems the Apparent Power 
should not depend on the reference voltage see paper by L. S. Czamecki, "Power Related 
Phenomena in Three-Phase Unbalanced Systems", IEEE PWRD, Vol. 10, pp. 1168-1176. 
This disadvantage of the conventional power measurement methods is readily apparent by the 
25 following example of a three-phase system. 

Considering Figure 1, in a balanced situation, points 0, Nj and N2 have zero voltage. The 
RMS values of the phase voltages measured with respect to three references are the same 
which in tum it imphes that the Apparent Powers are equal. However, if the load is 
unbalanced then Nj, N2 and 0 have different voltages. Only 0 retains zero voltage. Thus, 
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Apparent Power calc^pd using the voltages measured with tsfkt to 0, Nj, and N2 wiU be 

different. 



Now consider a three-phase load that is supplied by an ideal source (Zs=0). Assume that one 
of the lines, say "c", is broken (1^=0). The measured voltage for phase "c" would be different 
on the sides of the broken point. If the voltage transducer is on the source side then it is the 
source voltage and if the potential transformer is on the load side, the measured voltage is 
influenced by the current of other two hnes and the load impedance. Thus, the system 
(equivalent) Apparent Power (see papers by West (1997) and ffiEE Working Group Report) 
will be different for the load. 

One of the reasons for calculating Apparent Power is to obtain Power Factor. Consider now a 
single-phase circuit consisting of source with impedance Zg and a pure resistive load. 
Conventionally, Power Factor for this load is calculated to be unity. Assume that the above 
single-phase load is connected to a three-phase system with the same source impedance/phase 
as the single-phase system. For simplification of the analysis assume a perfect earthing, hence 
zero neutral impedance. Depending on the definition used different results are obtained for 
Power Factor as the calculated Apparent Powers are different. Phaser and RMS Apparent 
Powers are both equal to unity. The System Apparent Power would be less than one. Surely, 
as the fijll system capacity is not utilised by the load and also due to extra losses in the form of 
negative and zero sequence powers in the source impedance, a unity Power Factor is 
technically unacceptable. In other words, a unity Power Factor does not reflect the quality of 
the load and utiUsation of the system (see papers by L. S. Czamecki and Emanuel). The 
System Apparent Power does reflect this effect of a single-phase load connected to a three- 
phase supply. However, since the load itself, and thus its quality, has not changed then one 
may argue that Power Factor must remain the same. It is clearly seen by the above that there is 
an inconsistency in the approach, observation and result using conventional power theory in 
AC circuits. 

It is an object of the present invention to overcome the above problems. 

The inventor has determined that the cause of the problems observed for polyphase circuits 
lies in the basic characterisation applied to single-phase circuits, which is flawed. Though the 
results given for single-phase systems are acceptable in practice, the extension to polyphase 



systems strains the ana^^ and produces the difficulties such a^Hleading and inconsistent 
results which have been observed. 

The inventor has developed a novel power measurement method based on a new approach 
which advantageously removes the uncertainty and ambiguity from present methods of power 
measurement. The new approach apphes consistently across-the-board to balanced and 
unbalanced loads, linear and non-linear loads, single-phase and polyphase supplies, to 
sinusoidal and non-sinusoidal supplies, and which is consistent for all system topologies and 
conditions, does not violate any principle of electrical engineering and can be readily 
implemented in practical equipment. The basis for the present invention is a complete and self- 
consistent mathematical approach covering all measurement scenarios. 

According to one aspect of the present invention, there is provided a method of measuring the 
value of an electrical power parameter, such as Apparent Power or Power Factor, of an 
electrical power signal, the method comprising: calculating a first instantaneous power 
component as the product of an instantaneous voltage signal of the electrical power signal and 
an instantaneous current signal of the electrical power signal; carrying out a relative phase 
shift between the instantaneous voltage signal and the instantaneous current signal; calculating 
a second instantaneous power component as the product of the relatively phase-shifted 
instantaneous voltage and instantaneous current signals; RMS averaging each of the first and 
second power components to determine their respective magnitudes; and using both of the 
calculated magnitudes to determine the value of the electrical power parameter. 

One of the advantages of the present invention is that it enables consistent measurement such 
that loads can be properly characterised, so that efficient engineering action can be taken, or 
accurate pricing adjustments can be made. 

A utility embodying the present invention can offer accurate metering of these awkward loads 
can offer keener prices to attract the business of those customers whose loads are over- 
estimated by existing meters. It has a proper basis on which to raise its prices to customers 
whose loads have been underestimated, to reflect the true economics of supplying them. There 
are many other conmiercial benefits. 

The new approach described herein redefines the nature of Reactive Power. On that basis, a 
new definition for Apparent Power is provided which is consistent for all circuit situations and 



topologies. The new 



tions satisfy the rules of electrical e^neering both in time and 




frequency domain. 

In an embodiment of the present invention, a voltage signal is phase shifted by -90° to produce 
a quadrature axis voltage signal. By multiplying the original and quadrature voltages by a 
current signal, two instantaneous power signals are obtained. The former is an instantaneous 
active power component signal Pp (t) and the latter is an instantaneous quadrature (reactive) 
power component signal Pq (t). These signals satisfy the law of conservation of energy 
throughout the circuit, which implies that the sum of each of these instantaneous powers of 
different points in the circuit is zero. Reactive Power is then defined as the average DC- 
component value (mean) of the quadrature (instantaneous) power, /7^t), that was obtained 

from the product of the quadrature axis voltage and current , signal. Note that in conventional 
power theory, although Reactive Power is defined as the peak of the non-energy related 
component of instantaneous power, it is typically measured and considered as an average DC- 
component (mean) of the instantaneous power in technical applications such as billing. 

According to the present invention, when the power parameter to be measured is Apparent 
Power, it is defined as the RMS value of the complex instantaneous power given by Equation 



where /?p(t) is an instantaneous active power component 

/?q(t) is an instantaneous reactive power component 
This definition of Apparent Power provides a consistent result in all system conditions, from 
single-phase sinusoidal to unbalanced three-phase systems with distorted waveforms. This 
consistency is unobtainable in other approaches. 

In balanced three-phase systems with pure sinusoidal waveforms, the results obtained using 
the new approach are the same as those using conventional power theory. 

In three-phase systems, since the new power theory is based on the sum of the instantaneous 
powers of three phases, then the measured Apparent Power, for example, is independent of 
the reference point voltage that is used in voltage measurement. This feature overcomes the 
conventional measurement methods problems described previously with respect to Figure 1 



(1). 



P(t)=Pp(t)+\Pq(t) 



(1) 
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DC^^Lg with other definitions of Apparent 



and is unique when coc^^ng with other definitions of Apparent W^er cited in literature and 
standards. 

Using conventional understanding. Reactive Power is defined as the peak value of one of the 
oscillatory components of the instantaneous power. The inventor has determined that that this 
5 cannot be obtained in fi-equency domain contrary to Plancherel's Theorem. This discrepancy 
between firequency and time domain results leads to indeterminable quantities in the time and 
frequency domains, and is attributable to the fact that present power theory does not provide 
any information about Reactive Power in the frequency domain. Reactive Power as defined by 
the new approach is determined in both the time and frequency domains as an imaginary DC 
10 value, and the method is consistent for all system topologies. 

The average (mean) values of the new instantaneous power on the real and the imaginary axes 
correspond to Active and Reactive Power respectively. Thus, in a method embodying the 
Q present invention, Reactive Power is defined and measured as a DC value and not as an 
^ ambiguous peak of one of the oscillatory components of instantaneous power. 



15 Using the method embodying the present invention to determine the Active and Reactive 
Powers, it is demonstrated later that standard circuit theories are satisfied. The treatment of 
single-phase and three-phase systems are the same except that in three-phase systems the 
analysis is carried out on a per phase basis, and the total instantaneous power is obtained by 
adding together the three-phase results. 

20 The 2-Norm, or RMS, of a signal is a measure of the size of that signal. Thus, Universal 
Apparent Power as determined by the method embodying the present invention is defined as 
the RMS of the complex instantaneous power. In three-phase balanced systems this definition 
leads to the standard definition of Universal Apparent Power that is three times the product of 
RMS of voltage and RMS of current. 

25 However, using the method embodying the present invention in single-phase and unbalanced 
three-phase systems, the Universal Apparent Power is different from conventional Apparent 
Power, although it retains its basic dimension of volt-ampere. In fact, from the new approach 
it can be seen that in single-phase systems the Universal Apparent Power is V2 times the RMS 
of voltage and current. This departure from the conventional Power Factor (which itself has 
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little basis other than cd^^tion) is due to the 




AC components o: 



It 



instantaneous power. In 



balanced three-phase systems the AC terms of the instantaneous power are cancelled. 

Universal Power Factor determined by the method embodying the present invention is then 
considered as the ratio of Active Power to Universal Apparent Power as compared to 
conventional Power Factor. This leads to a reduced value for Universal Power Factor in a 
pure resistive single-phase circuit. In fact, for such a system the Universal Power Factor 
cannot be greater than 0.707 (1/^2). This reflects the consistency in the approach. This result, 
though arithmetically inconvenient, is shown to have a real basis in the analysis. 

Symmetrical components have been used to analyse the new parameter definitions which are a 
feature of the present invention and a decomposition of different parameters in terms of the 
sequence components has been obtained. It is more technically acceptable for metering 
purposes that only the positive phase sequence voltage is considered in the analysis. This 
reflects the effects of unbalanced loads on the systems. 

Preferably, the method further comprises filtering at least one of the instantaneous voltage and 
instantaneous current signals of the electrical power signal prior to their use in the calculating 
steps. In this way, several different but related parameters can be calculated by the same 
method steps with the appropriately filtered signals. More particularly, the filtering step 
preferably results in the fundamental frequency of the instantaneous voltage or the 
instantaneous current being obtained. Fundamental frequency filtered voltage signals enable 
the measured power parameter to be representative of network delivered power namely the 
power taken (used) by the load from the power supply. 

It is to be appreciated that the present invention utilises at least the harmonics of one of the 
instantaneous voltage or the instantaneous current in combination with at least the 
fundamental frequency of the other instantaneous current or instantaneous voltage, to 
determine the power parameter. This covers three different situations namely: when one of the 
instantaneous voltage or current signals is xmfiltered providing its full spectrum and the other 
is filtered; when both signals are unfiltered each providing the fiill frequency spectrum; and 
when one of the instantaneous voltage or current signals is filtered to provide its fundamental 
frequency spectrum and the other is filtered to provide its harmonic frequency spectrum. 
There is information in the harmonics of the instantaneous voltage or the instantaneous current 
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which has previously discarded that provides a more accHIR measure of the power 
parameter. 

By utilising the appropriate combination of filtered/unfiltered signals the following power 
parameters can be advantageously be calculated: Universal Apparent Power, Harmonic 
5 Apparent Power, Universal Distortion Factor, Voltage Distortion Power, Current Distortion 
Power, and Universal Power Factor. 

The method may fiirther comprise comparing a Network Delivered Power (NDP) Parameter, 
the Harmonic Apparent Power Parameter, the Voltage Distortion Power Parameter, or the 
Current Distortion Power Parameter with another power parameter determined by the method 
10 to produce a dimensionless figure of merit representative of the waveform distortion 
produced, in the electrical power signal, by a load to which the electrical power signal is 
^ supplied. This is a particularly useful power parameter to measure as it provides information 
y about where power supply distortion is being generated. For example, power parameters such 
ffi as Voltage Distortion Factor and Current Distortion Factor can be determined. 

2 15 When the electrical power signal comprises a balanced or unbalanced multiple-phase signal, 
the method preferably further comprises resolving the multiple-phase signal into a phase 

01 sequence for use in establishing the effect of the load on the electric power network. The 
phase sequence may comprise a positive-phase sequence in order to obtain a measure 

D representative of the power generated at a source of the electrical power signal. Alternatively, 
20 the phase sequence may comprise negative and zero-phase sequences in order to obtain a 
measure representative of the power converted in the load. The method may also comprise 
using the positive, the negative and the zero-phase sequences to obtain a measure 
representative of the power used by the load. 

The present invention also extends to a method of measuring a power parameter such as 
25 Apparent Power or Power Factor, of an electrical power signal, the method comprising 
converting measured instantaneous voltage and current signals of the electrical power signal 
into the firequency domain and carrying out fi-equency spectrum analysis on the signals to 
derive the power parameter. 

The method preferably further comprises: carrying out a relative phase-shifl between the 
30 instantaneous voltage signal and the instantaneous current signal; and converting the relatively 



phase-shifted iostantai^^ voltage and current signals into the^^ency domain for use in 
the frequency spectrum analysis. 

Alternatively, the method further comprises: carrying out a relative phase-shift between the 
instantaneous voltage signal and the instantaneous current signal in the frequency domain for 
use in the frequency spectrum analysis. 

The phase shift is important in order to be able to measure the imaginary (quadrature) 
component of the instantaneous power. In this way, the measurement of power quantities can 
be digitised and hence made significantly cheaper and more robust. The use of the frequency 
domain to calculate the power parameters also advantageously reduces the component counts 
in meters implementing the method. 

Preferably, the frequency spectrum analysis involves carrying out a first convolution of the 
frequency spectra associated with the instantaneous voltage and current signals, a second 
convolution of the frequency spectra associated with the phase-shifted instantaneous voltage 
and current signals, and combining the results of the first and second convolutions. 

According to another aspect of the present invention there is provided a method of measuring 
the value of an electrical power parameter, such as Apparent Power or Power Factor, of an 
electrical power signal, the method comprising: converting an instantaneous voltage signal of 
the electrical power signal and an instantaneous current signal of the electrical power signal 
from the time domam into the frequency domain as frequency spectra; calculating a first 
instantaneous power spectrum as the convolution of the frequency spectra of the 
instantaneous voltage signal and the instantaneous current signal; carrying out a relative phase 
shift between the instantaneous voltage signal and the instantaneous current signal in the time 
domain; calculating a second instantaneous power spectrum as the convolution of the 
frequency spectra of the relatively phase-shifted instantaneous voltage and current signals; 
combkdng each of the first and second power spectra to determine the value of the electrical 
power parameter. 

According to another aspect of the present invention, there is provided a method of measuring 
an electrical power parameter such as Apparent Power or Power Factor, of an electrical 
power signal, the method comprising: fihering at least one of an instantaneous voltage signal 
or an instantaneous current signal of the electrical power signal; using the filtered 
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voltage 




irrent signal in: calculating first and 




>nd instantaneous power 



components as the respective products of non phase-shifted/phase-shifted, instantaneous 
voltage and instantaneous current signals; RMS averaging each of the first and second 
instantaneous power components to determine their respective magnitudes; and using the 
calculated magnitudes to determine the value of the electrical power parameter. 

In another aspect, the present invention provides a method of measuring a power quantity 
such as Apparent Power or Power Factor, of a multiple-phase electrical power signal, the 
method comprising: resolving the multiple-phase signal into a phase sequence for use in 
establishing the effect on the electrical power signal of a load to which the electrical power 
signal is supplied; using the phase sequence in: calculating first and second instantaneous 
power components as the respective products of non phase-shifted/phase-shifted, 
instantaneous voltage and instantaneous current signals; and RMS averaging each of the first 
and second power components to determine their respective magnitudes; and using the 
calculated magnitudes to determine the value of the electrical power parameter. 

The present invention extends to an electrical power meter for measuring the value of an 
electrical power parameter, such as Apparent Power or Power Factor, of an electrical power 
signal, the meter comprising: means for calculating a first instantaneous power component as 
the product of an instantaneous voltage signal of the electrical power signal and an 
instantaneous current signal of the electrical power signal; means for implementing a relative 
phase shift between the instantaneous voltage signal and the instantaneous current signal; 
means for calculating a second instantaneous power component as the product of the 
relatively phase-shifted instantaneous voltage and instantaneous current signals; mean for 
RMS averaging each of the first and second power components to determine their respective 
magnitudes; and means for using the calculated magnitudes to determine the value of the 
electrical power parameter. 

Presently preferred embodiments of the present invention will now be described by way of 
example with reference to the accompanying drawings. In the drawings: 

Figure 1 is a schematic circuit diagram showing a conventional three-phase system with 
different reference points for voltage measurement; 
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Figure 2 is a schematic diagram of a power measurement mHl^implementing a method 
of a first embodiment of the present invention; 

Figure 3 is a flow diagram showing the steps involved in the implementation of the method of 
the first embodiment of the present invention; 

5 Figure 4 is a graphical representation of an instantaneous power waveform showing the 
different averaging techniques used in the first embodiment of the present invention; 

Figure 5 is a schematic block diagram of a power measurement meter implementing a method 
of a second embodiment of the present invention; 

Figure 6 is a flow diagram showing the steps involved in the implementation of the method of 
10 the second embodiment of the present invention; 



Figures 7a and 7b are diagrammatic representations of the fi-equency spectra of voltage and 

yi 

p current for the single-phase AC power circuit; 

!^ Figure 8 is a diagrammatic representation of the fi-equency spectrum of an active component 
yl (Pp(f)) of the instantaneous power of the single-phase AC power circuit; 

~ 15 Figure 9 is a phasor diagram of the fi*equency spectrum of the complex instantaneous power 
□ of the single-phase AC power circuit; 

~ Figure 10 is a schematic circuit diagram of a three-phase source and load circuit showing the 

flow of instantaneous power components with balanced and unbalanced loads; 

Figure 1 1 is a phasor diagram of the firequency spectrum of the instantaneous power of a non- 
20 sinusoidal three-phase AC power circuit; 

Referring now to Figure 2, there is shown a power measurement meter 1 which is used in 
carrying out a method of a preferred embodiment of the present invention. The power 
measurement meter 1 of this embodiment operates in the time-varying domain. 

The power measurement meter 1 measures instantaneous voltage and current of a single-phase 
25 or three-phase electrical power supply system 2. From these measurements, the meter 
calculates the following power parameters: Universal Apparent Power, Fundamental Apparent 
Power, Harmonic Apparent Power, Universal Power Factor, Active Power, Reactive Power, 
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Energy Consumption^^ltage Distortion Factor, Current DisWRon Factor and Universal 
Distortion Factor. 



The electronic circuit of the meter 1 essentially comprises five different stages namely, a signal 
conversion stage 4, a switchable filtering stage 6, a combining stage 8, an averaging stage 10 
and a power parameter calculation and display stage 12. 

Taking each of these stages in turn, the conversion stage 3 of the electronic circuit comprises 
a step-down voltage interface 14 and a current-to-voltage converter 16. One side of the step- 
down voltage interface 14 is connected directly to the power supply system 2 being measured 
and the other side provides scaled down voltage signals Vva,Vvb,Vvc representative of the 
magnitudes of voltage of the power supply system 2. Similarly, one side of the current-to- 
voltage converter 16 is connected directly to the power supply system 2 and the other side 
provides voltage signals Via,Vib,Vic representative of the magnitudes of current of the power 
supply system 2. These outputs fi-om the step-down voltage interface 14 and the current-to- 
voltage converter 16 are passed to the switchable filtering stage 6. 

The switchable filtering stage 6 comprises two sets of fimdamental-fi^equency component 
filters 18,20 and two sets of harmonic filters 22,24. A fundamental-fi-equency component filter 
18,20 and a set of harmonic frequency filters 22,24 are provided for the outputs of each of the 
step-down voltage interface 14 and the voltage-to-current converter 16. In addition, four user- 
controllable switches SW1,SW2,SW3,SW4 are provided for enabling selection of the 
appropriate set of filters or for allowing the outputs of the conversion stage 4 to bypass the 
filters altogether. The filter stage 6 has two outputs 26,28, the first output 26 is the signal 
representing the power supply voltage, the second output 28 is the signal representing the 
power supply current. 

The filtering stage 6 also comprises, for the signal representing the power supply voltage, a 
positive phase sequence (PPS) calculation unit 30 which is arranged to receive the output of 
the fiindamental-fi:eqiiency component filter 18. The PPS calculation circuit 30 is arranged to 
convert an unbalanced three-phase signal into a positive phase sequence of balanced 
components. This type of unit 30 is well known in the art and the details of its operation are 
not therefore provided. The output of the PPS calculation unit 30 is coupled to the first output 
26 of the filtering stage 6 and can provide one of the possible outputs. 
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The user-selected outpi 




►,28 of the filtering 



stage 6 provide 




iputs for the combining 



stage 8 of the circuit. More particularly, The combining stage 8 comprises an active 
component multiplier unit 32 and a reactive component multiplier unit 34 which each act to 
multiply together two different supplied signals input fi-om the filtering stage 6. The active 
component multiplier unit 32 receives an input directly firom each the above mentioned first 
and second outputs 26,28 of the filtering stage 6. However, the reactive component multiplier 
unit 34 only receives the second output 28 directly fi'om the filtering stage 6. The first output 
26 is modified by passing it through a -90° phase shifting unit 36 before being input to the 
reactive component multipUer unit 34. 

The two outputs 38,40 of the multiplying stage 8, which respectively represent the active and 
reactive power components of the instantaneous power of the power supply system 2, are next 
processed by the averaging stage 10. The averaging stage 10 comprises an active RMS 
calculation imit 42 and a reactive RMS calculation unit 44 which are suppUed with the outputs 
38,40 of the active component multiplier unit 32 (pp(t)) and the reactive component multiplier 
34 (pq(t)) respectively. In addition, the averaging stage 10 has an active mean signal 
calculation unit 46 which is supplied with the output 38 of the active component multiplier 
unit 32, and a reactive mean signal calculation unit 48 which is supplied with the output 40 of 
the reactive component multiplier unit 34. The outputs of these RMS calculation units 42,44 
and mean signal calculation units 46,48 are provided to the power parameter calculation and 
display stage 12, 

The reactive mean signal calculation unit 48 simply calculates the mean of the reactive 
component (Pq(t)) of the instantaneous power of the electrical power supply system 2. The 
output of the reactive mean signal calculation unit 48, which represents the Reactive Power 
(Q) of the electrical power supply system 2, is supplied directly to a gain adjustment and 
display unit 50 where it can be displayed as a measured value to the meter user. Gain 
adjustment is required to normalise measured values for display and to compensate for the 
differences in the results for the measurement of a three-phase or a single-phase electrical 
power supply, for example. 

Similarly, the active mean signal calculation unit 46 calculates the mean of the active 
component (pp(t)) of the instantaneous power of the electrical power supply system 2. The 
output of the active mean signal calculation unit 46 represents the Active Power (P) of the 
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electrical power supply^^m 2 and this is also supplied directl^^the gain adjustment and 
display unit 50 for display. 

The measured Active Power (P) is also supplied to an energy consumption measurement unit 
52. Here the measured Active Power is integrated over a given time period and the result is 
the energy consumption over that time period. The energy consumption measurement unit 52 
outputs its result to the gain adjustment and display unit 50 for display. 

The active RMS calculation unit 42 and the reactive RMS calculation unit 44 calculate the 
RMS values of the active and reactive components of the instantaneous power (pp(t) and p^(t)) 
respectively. The outputs of each of these RMS calculation units 42,44 is supplied to a 
Universal Apparent Power calculation unit 54. This unit 54 is arranged to calculate the 
Universal Apparent Power, the Fundamental Apparent Power or the Harmonic Apparent 
Power of the power supply in dependence upon the filter selection in the switchable filtering 
stage 6. More specifically, when none of the outputs of the step-down voltage interface 14 
and the voltage-to-current converter 16 are filtered, the RMS values are geometrically 
summed in this unit 54 to calculate the Universal Apparent Power (S), namely, the Universal 
Apparent Power is the root of the sum of the squares of the RMS values. When both of the 
outputs of the step-down voltage interface 14 and the voltage-to-current converter 16 are 
filtered by the harmonic fi-equency component filters 22,24 the unit calculates the Harmonic 
Apparent Power. 

These calculated values for Universal Apparent Power and the Harmonic Apparent Power are 
output to the gain adjustment and display unit 50 for display. A fiirther output is supplied to a 
memory unit 56 which stores the Universal Apparent Power or the Harmonic Apparent Power 
for subsequent use with a Universal Distortion Factor calculation unit 58. 

The output of each of these RMS calculation units 42,44 is also supplied to the Universal 
Distortion Factor calculation unit 58. A fiirther input is taken fi-om the memory unit 56. The 
Universal Distortion Factor calculation unit 58 is arranged to calculate, in dependence upon 
the configuration of the switchable filtering stage 6, the Universal Distortion Power, the 
Current Distortion Factor or the Voltage Distortion Factor. These factors are dimensionless 
figures of merit which are ratios of Apparent Power and distortion power. More particularly, 
when the output of the step-down voltage interface 14 is filtered by the fimdamental fi*equency 
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component filter 18, al^be output of the voltage-to-current c(li^rter 16 is filtered by the 
harmonic fi'equency component filters 24, the Current Distortion Factor is calculated. 
However, when the output of the step-down voltage mterface 14 is filtered by the harmonic 
frequency component filters 24, and the output of the voltage-to-current converter 16 is 
5 filtered by the fimdamental frequency component filter 20, the Voltage Distortion Factor is 
calculated. 

The calculation of any of these Distortion Factors is a four-stage process which involves: 
firstly, calculating the Universal Apparent Power usmg a particular filter selection; secondly, 
storing the calculated value in the memory unit 56; thirdly, calculating the selected Distortion 
10 Power using a particxilar filter setting; and finally, calculating the ratio of the Distortion Power 
to the Universal Apparent Power. The output of the Universal Distortion Factor calculation 
unit 58 is supplied to the gain adjustment and display unit 50 for display to the user. 
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It is to be appreciated that whilst the outputs of the active and reactive RMS calculation units 
g 42,44 have in themselves no significant meaning within the electrical power supply itself, they 
p 15 have great importance when they are used in the determination of the value of a desired power 
parameter. In the present case, these outputs are processed directly by the Universal Apparent 
Power calculation unit 54 and the Universal Distortion Factor unit 58. 

The Universal Apparent Power value is also supplied to a Universal Power Factor calculation 
unit 60 together v^th the Active Power output (P) of the active mean signal calculation unit. 
20 The Universal Power Factor is calculated as the ratio of the measured Active Power to the 
measured Universal Apparent Power, namely P/S. This calculated value for Universal Power 
Factor is output to the gain adjustment and display unit 50 for display. 

The selection of the appropriate switches (not all shown) on the meter allows the user to 
select the quantity to be measured and displayed. 

25 Referring now to Figure 3, a method of measuring the value of a power parameter using the 
meter 1 of Figure 2 is now described. For the sake of convenience, the following description 
will assume that a three-phase AC power signal is being sensed, though the method is also 
applicable to a single-phase AC signal. 

The method conmiences at 100 v^th the voltage Va,Vb,Vc and current /a,/b,'c of the power signal 
30 being sensed. The step-down voltage interface 14 scales down the sensed voltage range at 102 
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dtage signals Vva, 




within a smaller predetermined aa 




lie voltage range for the 



circuit. Similarly, the current-to-voltage converter 16 transforms at 102 the sensed current 
signals /a,'b,/c into voltage signals Via,Vib,Vic such that they are of same voltage magnitude range 
as that produced by the step-down voltage interface 14. Typically, the voltages are stepped 
down from 110 Volts to a range of ±10 Volts. The magnitude of the sensed current is also 
converted to a range of ±10 Volts. 

The position of the filter switch SWl determines at 104 whether or not the quantity being 
measured relates to network delivered power. In one position, where the quantity does relate 
to network delivered power, the voltages signals Vva,Vvb,Vvc are fiUered by the fundamental 
frequency component filter 18 at 106. Following this, the filtered voltage signals Vva,Vvb,Vvc are 
passed to the PPS calculation unit 30 where the positive phase sequence is extracted at 108. 

In the other position, where the quantity does not relate to network delivered power, the 
voltage signals Vva,Vvb,Vvc are passed onto the switch SW2 which determines at 1 10 whether or 
not a distortion power calculation is to be carried out. If distortion power is to be calculated, 
the switch SW2 directs the voltage signals Vva,Vvb,Vvc to the harmonics filters 22 where the 
voltage signals Vva,Vvb,Vvc are filtered at 1 12 to extract the harmonics of the signals. Otherwise, 
the voltage signals Vva,Vvb,Vvc are not filtered. 

The resultant voltage signals Vva,Vvb,Vvc from the PPS extraction at 108, the filtering at 112, or 
the non-filtering at 110, form the first output 26 of the switchable filtering stage 6. This first 
output 26 is passed directly to the instantaneous power calculation at 114 where the active 
component of instantaneous power /7p(t) and the reactive component of instantaneous power 
/7q(t) are calculated. In addition, the first output 26 is shifted at 116 by a -90° phase shift and 
then passed on for the instantaneous power calculation at 1 14. 

On the current sensing side of the procedure, the voltage signals Via,Vib,Vic representative of the 
current of the power supply system 2 are determined at the signal scaling step at 102 of the 
procedure. These voltage signals vu,Vib,Vic are then processed by the switchable filter stage 6 
where the position of the filter switches SW3, SW4 determine at 118 whether or not a 
distortion power calculation is to be carried out. If distortion power is to be calculated, the 
switches SW3 and SW4 direct the voltage signals Via,Vib,Vic to the harmonics filters 24 where 
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^lH^ic are filtered at 120 to extract tl^8^ 



the voltage signals vjjB^ic are filtered at 120 to extract tUfBrarmonics of the signals. 
Otherwise, the voltage signals Via,Vib,Vic are not filtered. 

The resultant voltage signals Vi„Vib,Vic firom the filtering at 120, or the non-filtering at 118, 
form the second output 28 of the switchable filtering stage 6. This second output 28 is passed 
5 directly to the combining stage 8 where the mstantaneous power calculation at 1 14 calculates 
the active component of instantaneous power /7p(t) and the reactive component of 
instantaneous power /?q(t). The relationship between the active and reactive components to the 
instantaneous power for a single-phase power supply has previously been stated in Equation 1. 
In three-phase the eqxiivalent is given below: 

10 pit) =/7a (t) + A (t) +/?c (t) (2) 

where p(t) = total complex instantaneous power 

/?a(t) = complex instantaneous power of phase a = (vpa +jvqa) ia=Ppa +iPqa 
Ph(t) = complex instantaneous power of phase b = (Vpb +jvqb) h =Pph jPqb 
/?c(t) = complex instantaneous power of phase c = (Vpc +jvqc) U^p^ +iPqc 
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An equation representing the processing carried out on the voltage signals to determine at 1 14 
the active and reactive components is given below: 

/?p(t) = (three-phase version) = Vpa h + Vpb h + Vpc U (3) 
A(0 ~ (Three phase version) = Vqa U + Vqb h + Vqc U (4) 

20 where: Vpa(t) = instantaneous voltage of phase a 

Vpb(t) = instantaneous voltage of phase b 

Vpc(t) = instantaneous voltage of phase c 

Vqa(t) = instantaneous phase-shifted voltage of phase a 

Vqb(t) = instantaneous phase-shifted voltage of phase b 
25 Vqc(t) = instantaneous phase-shifted voltage of phase c 

h (t) = instantaneous current of phase a 

4 (t) = instantaneous current of phase b 

h (t) = instantaneous current of phase c 

30 The two outputs 38,40 of the combining stage 8, representing the active and reactive 
components of the instantaneous power of the power supply, are subject to a mean signal 
calculation at 122 which determines the values for Active Power (P) and Reactive Power (Q) 
of the electrical power supply system 2. These power parameters (P and Q) are then gain 
adjusted and displayed to the meter user at 124. In addition, the Active Power is integrated at 
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126 to determine the et consumption of the electrical power^ipply system 2. The thus 
determined energy consumption parameter is gain adjusted and displayed to the meter user at 
124. 

The active and reactive components of the instantaneous power of the power supply, are also 
5 supplied to the averaging stage 10 where an RMS calculation at 128 on each of the active and 
reactive power components is carried out. The following equations represent the processing at 
this stage: 

RMS [p,(t)] = (three phase) = \\ p,it) 1= ^{l/T f [p,(t)f dt } (5) 
10 RMS \pM = (three phase) = || p^^i) || = n/{ 1/T [plt)f dt } - (6) 

0 



where: /?p and p^ are as in equations (3) and (4) 

The RMS calculations of each of the active and reactive power components are used to 
: 15 determine at 130 the Universal Apparent Power of the electrical power supply. This involves 
determining the root of the summation of the squares of the instantaneous power components 
□ as is set out below: 

O 

I s = y[iipp(t)p+iKt)p] (7) 

This power parameter (S) is then gain adjusted and displayed to the meter user at 124. In 
20 addition the Universal Apparent Power determined described above is used in the calculation 
of Universal Power Factor at 132 as a ratio of Active Power (P) to Universal Apparent Power 
(S). Furthermore, using the four-stage process described earlier but not shown in Figure 3, the 
Universal Apparent Power is also stored in the memory unit 56 and used to determine at 134 
the new quantity called Universal Distortion Factor. Both the Universal Power Factor and the 
25 Universal Distortion Factor are gain adjusted and displayed to the meter user at 124. 

As has been described previously, the particular value of a power parameter determined by the 
Universal Apparent Power calculation at 130, by the Universal Power Factor calculation at 
132, or by the Universal Distortion Factor calculation at 134, is dependent on the selected 
arrangement of the switchable filtering stage 6. Therefore, even though not shown on Figure 
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3, other related pow< 



ameters can be calculated at steps 



132 and 134, by simply 



selecting the appropriate combination of filtering at the switchable filtering stage 6. 

It is worth appreciating the difference between the two different types of averaging carried out 
at the averaging stage 10. The difference is clearly iUustrated with reference to Figure 4 of the 
accompanying drawings. Here an instantaneous power signal p(t) 150 in the form of a sine 
wave is shown. The mean value 152 of the signal 150, is the DC offset 152 about which the 
signal is oscillating symmetrically and this is shown to have a value of 1.0 on the VA scale. 
The RMS value 154 of the signal 150, can be seen to be greater than the mean value 152. 
This is because of the positive contribution made by the oscillatory component of the signal to 
the RMS calculation. 

The above meter 1 can be readily implemented m both the digital and analogue domains. Also, 
whilst the above meter has been described as comprising of a plurality of processing units, it is 
possible for them to be replaced by a single processing unit which carries out all of the desired 
fiinctions. The most practical example of this is for the single processing unit to be a 
microprocessor miming a program implementing the desired fiinctions by way of an algorithm. 
For example, the meter 1 could be implemented in an ASIC (Application Specific Integrated 
Circuit) in order to reduce component costs with the output of the signal conversion stage 4 
being digitised before processing by the other stages. 

The above method of the present invention has been tested through use of a computer 
simulation to determine how its measurements compare to those of conventional power 
measurement methods. This has been carried out under two general conditions; firstly for 
balanced and unbalanced linear loads; and secondly, for balanced and unbalanced non-linear 
loads. The simulation analysis has been carried using ElectroMagnetic Transient Programme 
(EMPT) which is a universally accepted software program for power system simulation. 

Referring to Table 1, simulation results are given for balanced/unbalanced linear loads. The 
results show Universal Apparent Power and Universal Power Factor (*UAP' and 'UF') using 
the method embodying the present invention, and conventional Arithmetic 'RMS' and System 
definitions of Apparent Power and Power Factor. 

In the case of a three-phase balanced load with sinusoidal waveforms (Tests A and B), the 
three methods used give identical results, as expected. No values are quoted for the NDP 



20 



■o 
c 

(9 
0. 

< 
p 

o 

JC 
<*-* 
O 

E 
c 

0) 



c 

3 



o 
m 
u. 

o I 

0 I 

S o 
o. 

s= 

: = < c 

2 2 
y I (0 
a 

s Q. 

— . o> 

01 c 



x: 

CO 
(A 

■o 

O (A 

— C 

T3 O 

0) :s 

= 1 

o to 

(OO) 

(0 c 
(D CO 

|| 

CO *• 

ElL 



|2 



LoadPPS 


Power factor 


SYS 


4 


0.857 


0.831 


0.762 


0.715 


0.693 


0.525 


RMS 






1 










to 
P 


1.000 


0.857 


0.874 


0.799 


0.750 


0.789 


vo 

00 

vo 
d 


Apparent Power 


SYS 


827.2 


749.4 


1011.8 


1004.0 


985.4 


839.8 


695.0 


RMS 




1 


1 




1 






UAP 


827.2 


749.4 


979.4 


995.9 


966.6 


766.6 


567.5 


Load 


Power factor 


SYS 


. 1.000 


0.857 


0.818 


0.762 


0.969 


0.681 


0.517 


RMS 


1.000 


0.857 


0.914 


0.824 


0.774 


0.928 


1.000 




1.000 


0.857 


0.906 


0.844 


0.810 


1-4 

r> 

00 

d 


0.707 


Apparent Power 


SYS 


827.2 


749.4 


1028.0 


1022.9 


1008.7 


855.1 


705.8 


RMS 


827.2 


749.4 


919.8 


945.8 


911.0 


627.2 


365.0 


UAP 


827.2 


749.4 


927.7 


923.6 


870.0 


701.2 


NO 
VI 


LoadPPS 


b 


o 
d 


385.6 


402.2 


505.8 


543.4 


323.0 


tn 

s; 




827.2 


642.6 


856.1 


795.5 


725.3 


604.9 


389.3 


Load 


o 


o 
d 


385.6 


339.5 


440.4 


461,3 


232.9 


o 
d 






642.6 


840.4 


779.2 


704.8 


582.4 


365.0 










22.059 
+j 13.235 


22.059 
+j 13.235 


OS tr» 

s s 


2g 

v% cn 

Os' TT 
^ CS 


cs 00 

so 


OPEN 


Load Impedai 




cn V 


22.059 
+jl3.235 


22.059 
+jl3.235 


9.231 
+j 13.846 


9.231 
+j 13.846 


n OS 
CS 00 

so 

^ .jp 


OPEN 




<n -p 


s ^ 

ci m 
cs — 


«n cn 
cs 
vo OS 
OS ^ 


9.615 
+j 1.923 


9.730 
+j 1.622 


OPEN 




lest 


< 


n 


u 


Q 






o 



o 
cs 

7 

\| 

o 
o 



o 
N 
o 
o 

Pe] pel M 



o 

CN 

N 
o 
o 



f5 
•4- 



jM* jM* |W 



21 



(Network Delivered l^Blr) RMS Apparent Power and Power^rctor because they are not 
defined in the RMS convention. 



It is to be noted that in the extremely unbalanced situation illustrated in test G, the load PPS 
Reactive Power is 97.3 VAr where the load is a pure resistance. This is equal to the Reactive 
Power demanded by the source negative and zero phase sequence (NPS, ZPS) impedances. 
The load converts, in this situation, all of the PPS Reactive Power into NPS and ZPS Reactive 
Power which is injected back to the system to be used by the source impedance. 

The results obtained by the three methods are different in the case of unbalanced loads, again 
in line with expectation. 

Referring to Table 2, simulation results are given for non-linear loads in balanced and non- 
balanced conditions. The results show Universal Apparent Power and Universal Power Factor 
(*UAP' and ^UF') using the method embodying the present invention, and conventional RMS 
and System definitions of Apparent Power and Power Factor. 

In this case, the EMTP simulation package was used to model a three-phase, phase controlled 
thyristor system. This simulation allows different, non-linear load conditions to be tested. 

Tests H, M, T and Y are similar to tests A and B shown in Table 1. In these cases, a balanced 
load is used, and the thyristor firing angle is zero, resulting in an undistorted waiveform. The 
other tests were carried out with firing angles of 72° and 144° to give strong harmonic content 
to the voltage and current waveforms. In these circumstances, the three methods give 
diflferent results. Generally speaking, the RMS and System Apparent Powers give similar* 
results for a balanced load that is supplied with distorted or sinusoidal waveforms. This can 
also be analytically proved to be true. The difference between these two definitions is 
particularly clear when the load is unbalanced. 

With all three methods, Power Factor and UF reduces as the firing angle increases. 

Sub-sets of the tests involved evaluating the effect of different earthing arrangements. An 
artificial reference point was realised by connecting a star of high-value resistors in parallel 
with load. The star point of this combination was used as the reference point for voltage 
measurement. 
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In cases where only 




'stem Apparent 



Power has been sped 




id other power quantities 



have been designated as blank, Active and Reactive Power cannot be deduced from the 
voltages and currents used in Apparent Power calculatioa 

Referring now to Figure 5, there is shown a power measurement meter 201 which is used in 
carrying out a method of another preferred embodiment of the present invention. The power 
measurement meter 201 of this embodiment operates in the frequency-varying domain and will 
be referred hereinafter as the FD meter 201. 

The FD meter 201 is arranged to implement a method which is eqxiivalent to that of the first 
embodiment, but in the frequency domain. The resultant measurements of power quantities 
(parameters) from the FD meter 201 are equivalent to that of the time-domain power meter 1 
of the first embodiment. There are sunilarities between the two embodiments (c.£ Figures 2 
and 5) and to avoid unnecessary repetition, the following description of the FD meter 201 is 
directed to those differences. Where components of the FD meter 201 are identical those of 
the time-domain power meter 1, the same reference numerals with a constant prefix (of '2') 
have been used to label those components. 

The electronic circuit of the FD meter 201 comprises five different stages namely, a signal 
conversion stage 204, a signal transform stage 205, a switchable filtering stage 206, a 
combining stage 209, and a power parameter calculation and display stage 213. The signal 
conversion stage 204 and the switchable filtering stage 206 are identical in fimction to those of 
the first embodiment and so will not be described fiirther. 

The outputs of the conversion stage 204, namely the voltage signals Vva,Vvb,Vvc and Via,Vib,Vic are 
converted into the frequency domain at the signal transform stage 205 by two Fourier 
Transform units 207,211. These transform units 207,211 are well understood in the art for 
performing a standard transformation into the frequency domain and as such, no fiirther 
description of their fimction is reqxiired. The outputs of the two Fourier Transform units 
207,211, which are each in the form of a frequency spectrum, are supplied as inputs to the 
switchable filtering stage 206. 

The user-selected outputs 226,228 of the filtering stage 206 provide the inputs for the 
combinmg stage 209 of the circuit. More particularly, the combining stage 209 comprises a 
power spectra calculation unit 215 which acts to convolve three diflferent inputs together to 
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form a first and a sStmd component instantaneous power ^Rctra. The power spectra 
calculation unit 215 receives an input directly firom each the above mentioned first and second 
outputs 226,228 of the filtering stage 206. These two signals are convolved into a first 
component instantaneous power spectrum 219. 

5 The combining stage 209 receives a fiirther input which is the first output 226 of the filtering 
stage 206 modified by passing it through a -90° phase-shiftmg unit 236. This phase-shifted 
signal is convolved with the second output 228 of the filtering stage 206 into a second 
component instantaneous power spectrum 221 . The process of convolution is well understood 
in the art and so requires no fiirther explanation. 

10 The first and second component instantaneous power spectra 219,221 are output fi'om the 
combining stage 209 and supplied to the power parameter calculation and display stage 213. 
B Here, the various power parameters can be determined relatively simply firom the various 
Ifl components of the instantaneous power spectra 219,221 as is described below. 

The power parameter calculation and display stage 213 comprises an Active Power calculation 
15 unit 241 to which the first component instantaneous power spectrum 219 is supplied. The 
Active Power is simply calculated as the DC component of the first component instantaneous 
power spectrum 219. Similarly, a Reactive Power calculation unit 243 is provided to which 
the second component instantaneous power spectrum 221 is supplied. The Reactive Power is 
simply calculated as the DC component of the second component instantaneous power 
^ 20 spectrum 221. 

The Universal Apparent Power is measured at the Universal Apparent Power calcxilation unit 
245 by combining the first and second component power spectra 219,221. More specifically, 
the Universal Apparent Power is determined by calculating the square root of the sum of the 
squares of the fi-equency components of the first and second component power spectra 
25 219,221. 

The remaining parts of the power parameter calculation and display stage 213 are almost 
identical to those of the previous embodiment and accordingly no fiirther description of the 
fimction of these units is given. However, one minor difference is that the Universal Distortion 
Factor calculation unit 247 receives the first and second component power spectra 219,221 as 
30 inputs. 
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It is to be appreciated^R the desired power quantities can b^ferived from the first and 
second calculated power spectra 219,221 without the need for an averaging stage 10 as is 
needed in time-domain calculations of the previous embodiment. This advantageously reduces 
component cost and circuit complexity. Furthermore, the electronic circuit of a FD meter 201 
5 is far more readily implemented as a digital device than the electronic circuit of a time-domain 
meter. 

Referring now to Figure 6, a method of measuring the value of a power parameter using the 
FD meter 201 of Figure 5 is now described. As in the previous embodiment, the following 
description will assume that a three-phase AC. power signal is being sensed, though the 
10 method is also applicable to a single-phase AC signal. 

The method of measuring an electric power parameter using the above described FD meter is 
equivalent to that of the first embodiment, but in the frequency domain. There are a significant 
number of common procedural steps between the two embodiments (c.f Figures 3 and 6) and 
to avoid unnecessary repetition, the following description of the frequency domain power 
15 parameter measurement will only briefly mention the similarities. Where components of the 
J FD meter 201 are identical those of the time-domain power meter 1, the same reference 

1^ numerals with replacement prefix (of '3') have been used to label those components. 

1—1 

m 

Q The method commences at 300 with the voltage Va,Vb,Vc and current UfyA of the power signal 
zJ being sensed. These signals are scaled down at 302 to voltage signals Vva,Vvb,Vvc and Via,Vib,Vic 
O 20 respectively. Then a frequency-domain representation (a frequency spectrum) of each of these 

voltage signals Vva,Vvb,Vvc and Via,Vib,Vic is obtained by performing at 303 a Fourier transform on 

each of the voltage signals Vva,Vvb,Vvc and Via,Vib,Vic. 

The frequency spectrum of the voltage signals Vva,Vvb,Vvc is then filtered at 306 to extract its 
fiindamental frequency component and subsequentiy a positive phase sequence is extracted at 
25 308 if the network delivered power is being measured at 304. Otherwise, if a distortion power 
calculation is required at 310, the frequency spectrum of the voltage signals Vva,Vvb,Vvc is then 
filtered at 312 to extract its harmonic voUages. The outputs of the PPS extraction at 308, the 
harmonic filtering at 312 and the non-filtered spectra determined at 310 together provide the 
first output 226 of the filtering stage 206. 
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This first output 226 en divided into two spectra, one whlWs phase shifted by -90° to 
give a quadrature representation of the voltage signal Vva,Vvb,Vvc and the other which is not 
phase shifted at all. 

The frequency spectrum of the current related voltage signals Via,Vib,Vic are, if a distortion 
power calculation is required at 318, filtered at 320 to extract its harmonic voltages. This 
provides the second output 228 of the filtering stage 206. 

The spectrum of the second output 228 and the two divided spectra of the first output 226 are 
processed in a power spectrum calculation at 315. Here the firequency spectra of the non- 
phase shifted first output 226 and the second output 228 are convoluted together to form the 
active component power spectrum 219. Also the frequency spectrum of the second output 
228 and the frequency spectrum of the phase-shifted first output 226 are convoluted together 
at 315 to form the reactive component power spectrum 221. 

Both of the active and reactive component power spectra 219,221 are forwarded to the power 
parameter calculation and display stage 213. Here, the Active Power is calculated at 323 as 
the DC component of the active component power spectrum 219. In addition, the Reactive 
Power is calculated at 329 as the DC component of the reactive component power spectmm 
221. The Universal Apparent Power is simply calculated at 331 as the geometric sum of the 
magnitudes of all the power spectra components, namely by calculating the root of the sum of 
the squares of each of the elements of the active and reactive component power spectra 
219,221. 

The Universal Distortion Factor is calculated at 335 by considering both the active and 
reactive component power spectra 219,221 and the Universal Apparent Power stored in the 
memory unit 256 (not shown in Figure 6),The calculation of Universal Power Factor at 332 
and the Energy Consumption at 326 is equivalent to that described in the previous 
embodiment. Similarly, the gain adjustment and display at 324 is no different to that previously 
described. 

In the frequency domain the spectrums of the active and reactive components of instantaneous 
power (Pp(f), Pq(f)) are determined by the following equations: 

Pp(f) = Vp3(f)*Ia(f)-fVpb(f)*Ib(f) + Vpe(f)*Ic(f) 
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p,(f) = y<^ (f) ^0 + v,b (f) * lb (f) + v,c (0 * ic (f) 

Where * = coavolution of the signals. 

Vpa (f) = original voltage spectrum of phase a 
Vpb (f) = original voltage spectrum of phase b 
Vpc (f) = original voltage spectrum of phase c 
la (f) = original purrent spectrum of phase a 
lb (f) = original current spectrum of phase b 
Ic (f) = original current spectrum of phase c 

In both of the above described embodiments, the output of the fundamental frequency 
component filter 18,218 always is supplied to the PPS calculation unit 30,230. It should be 
noted that when the three-phase power supply is balanced or only a single-phase power supply 
is being monitored, there is no need for a positive phase sequence. In these cases, the output 
of the PPS calculation unit 30,230 will make virtually no difference to the result. In the case of 
a single-phase supply, the value obtained as the first output 26,226 of the filtering stage 6,206 
will need to be multiplied by three times to give the correct value. However, as this is a 
constant value, the gain adjustment step 124,324 at the very end of the process can 
compensate for this difference. This could for example be programmed into an algorithm such 
that the compensation was automatic. 

It is to be appreciated that, whilst a phase shift is carried out on only the voltage signal to 
produce the -90° phase shift, it is possible to carry out a phase shift of the current signal to 
produce the same effect. This can be extended to a situation where both the voltage and 
current signals could each be phase shifted by amounts which result in the effective (relative) 
phase shift being equivalent to the -90° carried out in the above-described embodiments. 

The present invention is based on a novel appreciation of the definitions of electric power 
parameters. These definitions are the subject of complex mathematical analysis which is 
necessary to e>q)lain the characteristics of single-phase and multiphase power distribution. In 
order to better understand the new theories imderlying the present invention, three papers 
authored by the inventor are now presented. 
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A NEW CONCEPT IN AC POWER THEORY 
Part One: Single and Three Phase Systems 



F. Ghasscmi, MIEE, MIEEE 
99 A Foness Road, London NWS I AG, England 
Email: ^ghas5emi@compuserve.com 



ABSTRACT In thU paper a ntw definition of apparent power In single and three phase systems is presented. The 
technique is baaed on the insUntaneous power, which satisfies the Uw of conservation of energy. In this technique the 
reactive power Is detertnined as a dc imaginary component of the insUntaneous power. The apparent power is defined as 
the rms or 2-Norm of the instantaneous power. The technique satisfies the Plancherel's theorem both in time and 
frequency domain. It will be shown that the power factor can only be made to unity in a 3-phase balanced system if the 
new definition of apparent power Is used. 

KEYWORD Power theory. Apparent Power, Power Factor 

l-ltNTRODUCTIOiN 

The definition of power in ac circuits has been a subject of research and investigation for many years. Although the 
definition of active power has widely been accepted, there is a continuous concrovcrsy on the definition of the 
apparent power (AP), reactive power, and power factor (pO in three phase systems and circuits with distorted 
waveforms [I, 2, 3], The problems are well established and have been reported in many technical papers (I. 2, 3.4], 
but yet no acceptable solutions have been found, in recent years, there have been reports on new methods for 
calculating and measuring the AP in three phase systems. However, all of these methods have their shortcomings 
and are not totally accepted by the academia and indusny. 

The method reported and used in (3J and [4] utilises the equivalent voltage and current for three phase systems to 
calculate the AP. This has the main disadvantage that the outcome depends on the reference voltage. Also the 
physical bases of the core of the theory which is the assumption that reactive power is purely the magnitude of one 
of the oscillatory component of the instantaneous power and the AP is only related to the losses of the system, has 
not been totally accepted [5], 

For e.xample. by considering the figure in the discussion section of reference [3] (second discussor). one can see that 
the value of the apparent power as defined in the paper depends on the point of voltage measurement for the broken 
line. The AP would be different if the voltage is taken from the load side of the broken point to the case when the 
voltage is taken from the source side. Therefore, it is clearly evident that the value of the AP as defined in reference 
[3] and [4] may not be unique for a given load. 

In this report, first a single-phase system is considered and the power theory in time and frequency dotriain is 
investigated and a new technique is proposed. The proposed method for calculating the AP and hence pf is then 
extended to three-phase systems. Throughout this work the focus has been on the instantaneous power (IP), since the 
law of ^'conservation of energy" is satisfied by this power in an ac system [6]. Also, as has been discussed in 
reference [7J, unlike the current calculation in the frequency domain, the present power theory in electrical 
engineering has the shortcoming that the lime domain analysis does not fully agree with the frequency domain 
calculation [7], This feature of the proposed method will also be addressed, 

l^Sir^CLE PHASE SYSTEMS 
Equation (I) and (2) respectively give the voltage across and current in impedance Z=l Zl ^(p in a single-phase 
circuit. 

v(/) = Vcos(o)|t + a) (I) 
f(0 = lcos((o,i + P) (2) 
It is clear that: (p=ZZ=a - p 0) 
The instantaneous power, ;7(t) is defined as follows: 

p/0 - \'ft)i(0 « J^cos(a -p) + -^cos(2u),t + a + P) <■*) 
Equation (4) can be rearranged as (5) and its average is given by Equation (6). 

PpU)=vUW) = P + Pcos(2tiJit + 2P)-Qsin(2a),t+2P) 

P«^Jo^v(r)i(Odt = -^co$tp 

where T is the period of the signals. The standard active and reactive powers are defined as given by (7.a) and (7.bj, 



Qt-ilsintp = Vising (^-b) 
V and I are the nx\s values of v Itage and current respectively. 
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Note that tfte reactive power is aenneu as the magnitude of one of the oscillatory comp nents. The AP is defined as 
the product of the nms values of voltage and airrent as sh wn below; 



Equation (8) is the standard relationship between the AP and the active and reactive powers that has been used for 
many years. 

Using the Schwarz inequality the following relationship exists between any two signals [8]: 

ijf^x(i)y{t)d^ ^ l^xitfdi .J.V)|'dc (9) 

For generalisation of the relationship the magnitude of signals have been considered to include complex signals [8]. 
By Inspection it can be seen that the left-hand side (L.H,S) is equal to the averse power and right hand side (R.H.S) 
is equal to the product of the squared of the rms values of voltage and current. Thus: 

(VIcos9)^^V^l- (10) 
The inequality becomes equality when the angle between voltage and current, 9, is zero. It will be shown in the 
following section that the reactive power considered as in (5) cannot be determined in frequency domain. 

3-POWER DEFINITION IN FREQUENCY DOMAIN 
In two ways the frequency domain spectrum of power relationship, Equation (4). can be obtained. The first is to 
identify the frequency components of voltage and current and to perform convolution in frequency domain. This is 
equivalent to the multiplication of voltage and current in the time domain. The second is to calculate the IP, ppftj^ 
and to perfomi the Fourier transform. Both methods must give the same result. 
The Fourier transform of any signal is defined as in (I I). 

X(f)-fr«^{Oe-^"*dt (H) 
By performing the Fourier transform on (I) and (2), the frequency spectrum of voltage and current are determined. 
V(0 « -i-fv^^J^Sl f - f| > + Ve-J**6(f ^- f, )] (1 
1(f) = if e*i*»6(r - ft ) + ie-jP6(f + f,)] (I2.b) 
where 5 is the Dirac function. 

The IP, p/O* is defined by (4) as the product of the voluige and current. The same result can also be obtained in 
frequency domain by performing convolution of voltage and current spectrum, since the following relationship exist, 

vfi), iftj^y^f) ♦ 1(0 ^^^^ 

where (•) and (♦) denote multiplication and convolution respectively. The spectrum of voltage and current are shown 
in Fig 7.a and 7.b respectively. 

Note that the component at the negative (-ve) frequency is the conjugate of that at the positive (+ve) frequency. The 
negative frequency does not have any physical meaning but it is the result of the mathematical analysis. It is 
important to note that both frequency components constitute the time domain signal in frequency domain. The 
spectrum of the IP can be obtained by convoluting the spectrum of voltage and current [9J. Thus: 

VO = frV{/).Uf-/)d/»[rK/).V(f./)d/ 

where/is a dummy variable. Appendix A shows how (14) can be applied to calculate the frequency components of 
the IP. It can be seen that Pp(0 has values at -2f|.dc, and 2f,. The dc is given by (15). 

Pp(0) « ^[e-i"' + e^J'^'J = ^cos(p- VIcos(p= P (13) 

As can be seen, (15) gives the average power that could be deduced from (6). The average (active) power can also 
be deduced from (I6.a) or (I6.b). 
P-V'(f,)l(ft)+V(f,)r(f,) 
« r, 

p= iv(or(0=» i;v(or(f) {>^^>) 

where ♦ denotes the phasor conjugate. 

The spectrum oFthe instantaneous power is shown in Fig 8. 

where from Appendix A. X=a+P. As can be seen the frequency spectrum does not provide any information about the 
reactive power, Q. 

If F urier transform is applied on Equation (4), the same result as shown in Fig 8 is obtained. 

4-D!SCUSSION ON SPECTRUM ANALYSIS 
The aforcmenti ned analysis indicates that the reactive power as defined by (7.b) cannot be determined in the 
frequency domain. Note that the Schwarz inequality suggests that if tp^O, two sides of (10) can never be equal. The 
analysis considered, which is the standard procedure in electrical engineering does not have the capability to 
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calculate th reactive power, . t_ j 

The power in any signal x/t) may be f and in terms of cither a time or frequency descnpuon based on Parscval s 
relation, \^x/t) is a square imegrable functi n ver one period (10]. A generalisation of thb is Planchercrs relation 
for the product of tw arbitrary periodic signals, x/t) and y^^O), PlanchercPs relari n is defined as in (17) [8. 101. 

vfo 'pWyJWdt o ix(Or (0 <^^) 

L.H^ of Equation (17) is the average power that is given by (6), R.H.S of (17) is equal to what has been calculated 
by the convolution theorem in frequency domain that is described by (16,b). Thus PlanchereVs relation can be 
considered as a basis for defming the power in an ac circuit. It is clear that if the normal procedure of power 
calculation is used, neither in time nor frequency domain, Q as defined by (7,b) can be determined. 
In normal electrical engineering practice, complex power is considered defined by (18). 

S = vr«P + jQ = ts|^<P ^^^^ 
where |sl is considered to be the AP in single and balanced 3-phase systems. (18) is a frequency domain expression. 
However, it has been shown that the complex power cannot be deduced from the spectrum of voltage and current If 
R.H.S of (17) is modified, as shown in (19), then Q can be deduced. 

21 X(f) V (f) = -^^"^ ' V Icostp + j Vising - P + jQ 



(19) 



However, for this condition the PlancherePs (Parsevars) theorem is not satisfied and hence is not acceptable. In 
other words the relationship (18) is not analytically valid. Thus, Q defined as the magnitude of one of the oscillatory 
components of the IP cannot be obtained in the frequency domain. 

5-TRADITIONAL METHOD FOR MEASURING O 
Traditionally, Q is measured by phase shifting the voltage signal by -90* and multiplying it by the current signal. 
Integration of the product over one period, which is eETectively the average value, is the reactive power as given by 
(7.b) [11]. The procedure is given below. 

p^(r) = Vcos(a)(t + a - -^).Icos(a), t + (^) ^^^'^^ 

^^(,) « XLsiav ^ ^Sia(2a>|t + a + P) (^^•*^> 
As can be seen, the average value of p/c) is the reactive power, Q. 

6-NE\V APPARENT POWER 
6.1 -Modified Voltage Signal , 
As was shown in Section 5, the reactive power Q is obtained by assuming that it is an imagmary dc signal, in oroer 
to generalise the method, appropriate signal must be considered in the analysis that also satisfies the signal theories. 
Thus, if the voltage signal considered in the power calculation is modified as shown below then the reactive power 
Q can be calculated. 
v«^(/) = Vcos((Oit + a) 

Vmr/(0 = Vcos(o>|t + a - y) = Vsin(a),t fa) ^- * ^ 

The voltage signal that must be considered in the analysis is given below. 

V«(O='V^;,(0 + jv„c(O 

o V(cos(fl),t + a) + jsin(a)it + a)) = V*'* (^-^ 
Note that v^ft) does not exist in the circuit but is physically obtainable as done in Q measurement. In order to keep 
in line with PiancherePs theorem the IP is defined as follows: 

p(t)-vJt)C(t) ^^^^^ 
p(t) = V« ^*>(Icos(oii + P)r . ^^"^^ 

Note that since the current is considered real, the conjugate is the same as the signal itself. Using Cauchy 

relationship, the IP can be written as follows: 

where, (p=a-P and >.=a+p. i » d ,nr4 n 

As can be seen, pO) defined by (25) has dc components on the real and imaginary axis which are equai to f ana y 
respectively. Als , there exists a complex ac component. The specmim of the IP Is shown in Fig 9. 

Applying the Schwarz inequality to the modified signals, the following is obtained. 

Now that if the V Itag* given in (22) is considered the rms of the signal Is equal to its peak ( 10]. It can be seen that 
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the relarionship docs not depend on the phase angle between the voltage and current. Hence c naidering the 
modified signals, the Schwarz rcladonsKip can be written as follows: 

(v2|j;v„(/)/(odti )' =f; I v„(/)f<i. .j;i/(/)i'<it (27) 

Equation (27) can be written as shown below. 

(VT V^^J = (VIvif = (VJ )^ (28) 

where denotes the rms value of the complex voltage signal. It can be seen that if the voltage signal is modified, 
the Schwarz relationship is always equality, provided ^2 coefficient is considered. The spectrum of the complex 
voltage is given by (29). 

V(0 = Ve^*S(f . fi) = V^e^Bit - fj ) (29) 
The specmim of current is given by (I2.b). Applying (17) yields the active and reactive powers both in time and 
frequency domain. Equation (30.a) and (30.b) give the L.H.S and R.H.S of (17) respectively. 



f-f, 



It can be seen that Plancherel's relation is satisfied and at the same time the reactive power can be determined both 
in frequency and time domain. As it is evident the reactive power is obtained as an imaginary dc power in this 
analysis. 

6 2*AP as the NORM of the Instantaneous Power (\?) 

The Norm of any signal jc(^/J is dcfmcd by (31) [8, 12]. The 2-Norm (where rf=2) is the rms value of the signal. It is a 
measure of the size of the signal [10. 12]. For any signal, the square of the 2-Norm is referred to as the energy (for 
energy signals) or power (for power signals) of the signal. It is clear that the periodic signals are power signals (9. 
10] and ( I X I if gives the total power in the signal [8, 10,12). Note that although the IP is not a physical signal [6]. 
it can be regarded as one. In fact the IP is a quantity for determining physical quantities. But it must also be 
emphasised that the law of the conservation of energy is satisfied by this quantity throughout a circuit. 

!'t=(rj-^(0|^dt)^ tor \^d^^ (31) 

The 2.Norm or rms of pfO is given by (32.a) or (32,b). obtained by substituting (25) into (31) for d^l. Note that 
sinctpfO is periodical (power signal) the limit of integration has been modified [12J. Equation (32.b) shows that the 
2-Norm is equal to the product of the rms of the current and complex voltage or V2 times the rms of current and real 
voltage. 
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= V2iI = VIvi = ^V„-^-VJ (32.b) 



The AP is defined as the 2-Norm of the modified IP. The modified IP is the product of current and complex voltage. 
Thus, the relationship between the 2-No.rm and different quantities for single-phase systems is given below. 

s = v„i » >/2 VI - VIVp'+Q^ ^"•''^ 

Note that the AP defined by (33.a) has the dimension of volt-ampere. The new definition of AP presented here leads 
to the product of the rms of current and voltage. It has been shown that in order to satisfy the rule of electrical 
engineering both in time and frequency domain, the definition of reactive power as the magnitude of one of the 
oscillatory components of pO) is not sufficient. 

7-PO\VER FACTOR IN SINGLE PHASE SYSTEMS 
The ratio f active power to the AP has been suggested as the definition for power factor (pO [I. 2. 3]. With 
reference t the new definition for S, pf is given by (34). 

where P" VIcost? 
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S=V„1 



Vffi =V magnitude of the real voltage signal 

1= nns of the current signal 
In single-phase systems the pf can be written as (35). 

pf . Z o « 0.707cos(p (35) 

It can be seen that pf cannot be greater that 0.707 in single-phase systems. The maximum pf occurs when the voltage 
and current are in phase (coscp^l), i.e. pure resistive load. This reduction in pf from standard unity pf for resistive 
load is due to the ac component of p(t). This component exists even if all of the reactive power (the component of 
p(t) on the imaginary axis) is compensated by reactive passive elements. The sign of Q determines the nature of the 
reactive power (Leading or Lagging). 

8.TMPLEMENTATION OF THE ALGORITM 
Appendix B illustrates that the rms or 2-Nonn of p(t) can be measured using (36). It can be seen that Equation (36) 
is the same as (33.b). Mote that the AP defined by (36) is not measured by the product of the rms of voltage and 
current but from the IP, p(t), 

S = rmstp{01 - ([rms[v^(/)/(0]f + [rms[v^(r) m\}f 

= V2P- + 2Q'-->/2Vp^+Q- (36) 

9-TKREE PHASE SYSTEMS 
The method proposed here for measuring S in 3 -phase systems is the extension of the algorithm, which was 
presented for single-phase systems. It is believed that any method that is considered for calculating the AP should be 
based on a quantity that agrees with the law of energy conservation and does not violate any basic rule of electrical 
engineering. In any 3 -phase system the sura of the instantaneous powers is zero. Thus; 
I P^iO^ ZPikW* Z^iO^O (37) 

k**a,b*c kaft,b.e k*a.b.e 

where: p/0' Instantaneous power at the source 
Pf/0- Instantaneous power at the load 
dip(t)= Instantaneous power loss 
a,b,c"phase number 

It has already been suggested that pf. which is a measure of the quality of loads, is calculated using the active and 
AP [I, 2, 3]. The main question has been what the AP is in 3-phase systems. It is well known that in a 3-phase 
system with linear, unbalanced pure resistive loads there exists a difference between the active power and AP, 
without any oscillation of power between the load and source (2, 5]. Hence for such loads pf is not unity. The 
following section presents the new definition of S in 3-phase systems. 

1Q-AP CALCULATED FROM 3-PHASE IP 
In general (33.a) and (38.b) can define the voltages and currents of a 3-phase system at any point in the circuit. 

Vk (r) - VkCos(a),i + ai,)| fc.,,i,,c 



/k(0»ikcos(a),t + p0l (38.b) 

where a, b. c denote the phase numbers. As has been previously presented, the voltage signals are modified. Thus 
(39) gives the complex voltages. 

v„k-Vi<-.-^>| (39) .. 

Ik«a,b.c 

The total IP is given by (40). 

* ' • f ■ * ') 



i2«t> (40) 



Where: cp, =aj. -p, . cpb =ai, -Pb . «Pc -P^ 
X.-a.+p,, Xb-Hib+Pb. Xc-Oc+P. 
!t is clear that the average value of (40) is the total active and reactive powers as indicated below. 

Note that (41) represents only the dc part of the IP. The counterpart relation of (41) is obtained in frequency domain 
using the convolution (or PlancherePs relation). 

k«j,b,c k«a.b.c k«a,b,c f— f| 
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The AP is obtained by calculating the 2-Norm fp(t). Substituting (40) into (3 3. a) yields: 

i 

2 



s- 



•«.b.e I |k-a.b.el. ^ * / 



(43) 



lc««.b.e 

Equation (43) can be written as follows: 
where; 



'1 



k2-«.b,c 
kUk2 



S„= [Yyhi^ ZVuVwIk,lk2COS(Xki-Xk2) 

if U-*.b.c 
\ kUkl 

where and 1^ are the rms of phase voltages and currents respectively. Sj and S« are called the symmetrical and 
unsymmctrical AP respectively/ since S« will be non-zero only if the currents and'or voltages are not balanced. In a 
special case when the system is completely balanced, then V.='Vi,'=Vc='V. h«li>=lc=l. cp,=(pb=(pc=cp and Xa==X=a+p, 
Xb-120+X^ Xc»-120+X, thus; 



S,-| ZPkl 4 2:Qkl «3VP- + Q=»3Vi (46) 

Su « Vl73 + 6cos(l20) = 0 f***^) 
This result is also evident from (40) where its ac part becomes zero as shown below. 

ac port of pW » + + p(-no.x>]^ q (4S) 

Thus, in a balanced 3-phase system the ac part of the IP is zero and it consists of only dc components that is given 
by (46). This is a contrary to the single-phase systems. In this case the AP is the modulus of the complex power 
defined as below; 

S-3V„(0T(f>V _ [^"^^ 

The pf (P/S) can be made equal to unit>- for a balanced system if appropriate compensation is employed in the 
circuit, as this reduces the value p(t) on the dc imaginary axis to zero and only dc real component is present. On 
the other hand, it can be said that if there is an ac component on p(t) then it means that there is unbalanced load 
present in the system. The unity pf is achievable in a 3-phase system by first compensating the reactive power which 
is the dc component on imaginar>* axis and then balancing the load, using the techniques described in [I I]. 
Also, at the source where the voltages are balanced, the symmetrical and unsymmctrical APs for a case when the 
currents are not balanced are given below; 



S,«V(Pa*Pb + Pc)'-^(Qa*Qb + Qc)' 



S, = E^ll + 1£ + I- +2loIbCos(>.3 -Xb) + 2IblcC0s().b -Xc) + 2l,l,cos(?.c -X,) (SO.b) 
where E is the rms of the phase voltages at the source. If the phase V of the generator is considered as the reference 
then: (?,«-p. . cpb^-I^O'-p^ . (pc= I20'-p, 
X.«P., X5=-120»+P, . Xc=l20-+P, 

1 UMEASUREMENT OF 3-PHASE AP 
The algorithm for 3-phase systems can be implemented using the same technique as that described in Appendix B. 
The rms of 3-phase p(t) is given below; 



(51) 
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Equation (51) can be implemented on a measuring device. 



12- CONCLUSION 

It was shown that the present p wcr theory cannot be used to determine the reactive pow r in time and frequency 
domain. The Plancherel's relation is not satisfied by the present power theory. A technique was proposed to 
determine the reactive power that satisfies signal theories in bodi time and frequency domain. The technique is 
based on the modification of the voltage signal by including a quadrature a.\is voltage. This component is obtained 
by delaying the voltage signal by 90*. The new AP b defmcd as the rms or 2-Nonn of the IP that satisfies the law of 
conservadon of energy in a circuiL It was shown that if the new AP is considered the power factor (P/S), carmot be 
unity in single-phase systems even if the voltage and current are in-phase. Unity power factor Is only obtainable in 
3 -phase balanced systems. It was shown that for this condition the ac component of the IP is zero. 
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14- APPENDICES 

14.1- Appendix A 

Since there are only fi components present in the voltage and current spectrum, all components lower than -2fi and 

higher than 2f| on the power spectrum are zero. 

Applying Equation (14) on voltage and current spectrum yields: 

Pp(-2ri) = V(-2f,) lt-2ri + 2f, ) + V(-fi)l(-2ft + f, ) + V(0)l(-2rt ) V V(f, )I(.2fi - fj ) 

Pp(-2fi) = V(-f,)i<-f,) 3 iLrj^«-P> = ilr^^ . (Al.a) 

where: >. = a-»-P {At.b) 

pp(-fi ) = v(-2f| )i(-fi + 2t\ ) V V(-r)i(-fi + f, ) + vtO)rt-fi ) vir, )i(-fi - r, ) + V(2f, )H-fi - 2f, > = o (a2) 
PptO) = vt-2f, )i(o +2t*, ) + v(-r,)uo + r, ) + vco)ilo - O) v vtr,)uo - fi) + V(2fi)i(0 - 2r, > 

Pp{0) =« v(-f|)i(+ri)+ v(fi)i(-ri) = ii-cost? (A3) 

By symmetry Pp(fi)« 0 

pp(2f|) = v(-ri)i(2f, + r,) + v(0)K2r, - O) + v(f,)i(2rt - fi) « v(f,)i(f,) 

Pp(2f|)« Vtf,)I(f,) = il.^>^ (A4) 

1 4.2- Appendix B 

The rms of p(0 is given by B I . 

rms(p(f)] = mis{Ve^<"l'-**^ icos((u,t + P}| (BO 
By expanding the voltage signal. (B 1 ) can be rearranged as follow : 

rms(p(f)l= ([rms[v^(0/(/)]F +(nms{vv(0/lo]FF ^^'^ 
where : 

rms[v^(/) /(Oj ~ rms[vicos(a)jl + a)cos(<i)il + P)] 

p'-+lpUiQ^ (B3) 
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tin5|y,(/) 1(0] - ntg[Vbin(a>it a)c os(a>,t + P) j 
Thus; 

nn4p{0]- - >/2 ^^^^ 
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A NEW COiNCEPT IN AC POWER THEORY 
Part Two: The New Apparent Power and Power Factor in Terms of Symmetrical 

Components 
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Email: fenghassemi@compuserve.com 



eompoacnu. 

KE\-VVORD Apparent Power. Power Fictor, InjtanUneoiu Power. Symmetrical Components 

1-INTRODUCTlON 

■n,r.. nh«e systems can be analysed by the virtue of the symmetrical components. If the transmission system can 
J^^on^d^^mmecrTcauT^^^^^^^^ line impedances. theStages and currents can be resolved into symmetr.cal 

pSlTcf this report a new deHnitioa for the apparent power (AP) based on the modified 
l?P^ nroDOsed The AP was defined as the rms of the modified IP. The analysis was based on the Phase co- 
irflr of 3 oTafe lystems Tord r to investigate the generalisation of the approach, outlined in part one of this 
rlJr,t he anaS is cirr^ed out here for 3-ph:Se systems using the symmetrical components. This enables one to 
Te^;* tSe ?nS ImmZ^^^olionJ^, nam'ely positive, negative and zero phase sequence of voltages and 

Snce"f?SSSfom^^^^^^^ an expression for the AP in terms of rms values of vol^ges 

^J cren s Vo^t fa?^^^^^^^^^ defined as the ratio of positive phase sequence (pps) power and the d*r.„ d 

AP m 5n S;e following sectiins. pf in terms of the symmetrical components will be mvcsttgated and a new pf w.11 

be introduced. 

7..;vMMgTR!CA r rOMPQNENTS RRPRESENTATTON OF THE NgVV AP .^he source 
Consider a 3-phase ideal source feeding a 3-phase load via a transmission system w.th .mpedance Z,. The source 
and load terminals will be considered separately. 

?-l-The AP and pfat the Source 

The voltages at the source can be defined as follows; 

• ♦ I ' ' 

where a. b. c denote the phase numbers. The magnitudes are phase quantities. Also; 

?i^«%'^X«»ou^« Ian only generate pps voltages the negative phase sequence (nps) and zero phase sequence 

&L7h pfale^l^^^^^^^ delayed by -90« is formed and then as discussed in [2) the voltages are modified as 
shown below. 

4-Ecos(«„t*aJ-90-(_^^^ 

Equ. (4) defines thV'Jomple.x voltage signals that are used in the analysis. The phase angles are ^ S^y^" .J^ ^ 
representation will be as shown in (6). 



(6) 

k-a.b.e 
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where : 

0; - P'. P; - P" + 120*. p; - p- - 120- 
PJ-P'.P?«P».P?-P« 



(7) 



(9) 



r , r, f denote the magnitude of pps, nps and zps currents respectively. Also p*, P* and are piiase angle of 
pps, nps and zps currents with respect to (w.r.t) the phase "a** voltage of the source. 
The per phase and total instantaneous powers (IP) at the source are defined by (S.a) and (S.b) respectively. 

/V(O = «mk('H'(0l , =eik(0(^{f)+t(0 + ^U))'| 

lk.ii.b.c 

k-a.b,o 

k«a.b.c k->,b,c k-ft,b.o 

The sum of the product of the pps voltages and zps currents are zero since the pps voltages are balanced and zps 
currents are all in-phase as shown below. 

k-*,b,c 2 L J 

This is physically acceptable since, theoretically, due to the physical placement of 3-phase windings in generators 
the zps current cannot produce any armature reaction in three phase machines. 
Other components of the IP are found by considering the appropriate current components in (6). Thus; 

fi^U)- Z*;kWik(0=»3ElV*^* (10.1) 

k»a.b.e 
k «a.b,c 

where, <p*=-P\ X*-P" and E, V and T are the rms of the terminal voltage, pps and nps currents respectively. Note 
that ( IO.a) is a dc whereas ( lO.b) is an ac signal. Note also that since the cun-ents are real signals their conjugates arc 
the same as the signal itself. 
The total IP is given below; 

It can be seen that the average value of (1 1) is the same as (4 1) in [2], and is the total active and reactive powers that 
are supplied by the source to the circuit. Also note that the 3-phase generator can only produce active and reactive 
powers in a pps circuit. It is clear that if the system is balanced the nps current is zero and hence the IP consists of a 
dc term as explained in [2]. 

The apparent power (AP) was defined in [2] as the 2-Norm of the IP. Thus; 

^ JolpWl'dc (13) 
Substituting (1 1) Into (1 2) yields: 



The balanced and unbalanced AP in terms of symmetrical components are defined below as: 

S, -3Er (14.a) 

S,=3Er (H.b) 
Equation (I4.a) and (14.b) are equal to (50.a) and (50.b) in [2] respectively where S, and S« were defined in terms of 
the phase c -ordinates. 

The power factor (pO of the source is defined ais the rati of the active power to the AP, Thus; 

pfo|«n, »:2222l. (15} 



Note that since the machine can only produce pps active power, the pf is obtained in terms of P* only. Also note that 
since the pps circuit is balanced then voltages sum to zero at any instant and thus the product of the rms of the pps 
voltage to the pps and zps currents is independent of the reference. 
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2.2>The AP and of at the Load 
2.2. NIP Components at the Load 

(6) gives the currents in the circuit. Depending on the grounding of die system, the 2p3 current may or may not be 
present in each of the lines. In general, the pps, nps and zps voltage drops on the line impedances are given below: 



(16) 



where R, and L, are the line sequence resistance and inductance respectively. The symmetrical component voltages 

at the load are thus given by (17). 

v*(/)-«*'(0-Av^(0] 

v-(0--Av-(/) ' (^'^ 
v«(/)«-Av*»(0 

Appendix A shows that in general the sequence voltages at the load terminal can be written as follows; 
v*(f)« V* cos(a>,t-ha*) 

v-(/)« V*cos(o),t + a") ' ^'^^ 
v'*(r)o V*' CQs(6>,t + a'*) 

The magnitudes and phase angles are given in Appendix A. Considering the above equations, the modified phase 
voltages at the load in terms of the symmetrical components are determined by phase shifting the sequence voltages 
by -90**. Thus; 



Where; 

a: = a*, « a* - 120\ < « a* + 120* ^ 
a; = a^, aj « + 120*. = - 120* 

The total IP is given by (21). 
P(0= Zvmk(0/i;(/) 

k-3.b.e 

Equation (21) can be wrinen in terms of the symmetrical components as follows; 



(19) 



(20) 



p(0 = ll I \] 



p(/)-(l 1 l] 



^ma ^mb ^inc 

v.-^ v;;,b ^mc 



0 0 



■» 'a 
'b 'b 



0 a 

p' p' 



(21) 



(22.a) 



(22.b) 



Note that for simplicit>-. (t) has been eliminated from the equations, but it should be emphasised that ail matrix 
eJements are functions of time. The matrix elements are given below; 

(23) 
(24) 
(25) 
(26) 

(27) 
(28) 



P*- Zv;i..k* -3VIV'* 
k«a.b,c 

k«a,b.c 

k»a.b.c 

k»a,b.o 
P'- Zv,ri.«*-0 

P*- Zv^iC*--3v-r*J"-'*^'' 



39 



k-«.b.c 

P°= ZvS^f'-O (30) 
k -«.»».« 

where V*, V" and V* are the rms of pps, nps and zps voltages and T is the rms of zps current, and for the above; 
(p*=a"-P^ q>--a4--p-, ^^^'^^ 
X*=a^^-Hp^ X* = a* + PM-' « a; + P* } (^^'^^ 
The following remarks can be made; 

1- Thc products of zps (in-phase) voltages and currents to pps and nps (balanced) currents and voltages are zero. 

2- It can been seen that the product of the same component voltages and currents contains dc terms which implies 
that there are active and reactive powers associated with these components. 

3- In general, a sign cannot be defined for ac currents on their own, but when the flow of power, e.g. with respect to a 
voltage is considered the direction finds a meaning. As can be seen the sign of andp* arc positive. These terms 
arc the product of the pps voltage to the pps and nps currents respectively. The same result was obtained m Section 
2. 1 when the source was considered. 

4- The sign of p", p\ and are negative compared to / and p*. This means that these terms are flowing in opposite 
direction to p" and p' w.r.t the unbalanced load. In fact, these IPs are exactly equal to the system impedance demand 
of the instantaneous components ofp\p\ and / . The same result for/?", had been obtained in [1] however, it is 
shown here that the same argument is aiso applied to the IPs that are the result of the product of unlike sequence 
quantities, namely nps voltage and pps currents. 

The physical explanation for this phenomenon is that since, as a result of unbalance loading, nps and zps currents 
flow in the circuit then there would be demand for p". p\ and from the system impedance. The source cannot 
produce these power components, therefore the unbalanced load converts some of its p* andp* into other dc and ac 
components of the IP respectively. Note that the sums of each of these components as well as the total IP m the 
circuit are zero and thus they satisfy the rule of conservation of energy. 

5- If there is a balanced load in parallel with the unbalanced load, then it can be easily proved that due to the system 
impedance some unbalanced current will flow into the balanced load [I]. Thus; this causes the power components 
p~,p", and p' to appear in the IP of the balanced load. The unbalanced load will also supply these. 

V/ith reference to the above observations, the flow of power components can be shown as in Fig 10. 

Subscript LI and L2 represent unbalanced and balanced loads respectively. Note that p" and p* demand by the 
system impedance is met by the source. ^ j • 

Hence the balanced load also consumes (dissipate) some active power (real energy) m us nps and zps circuits. 
Although in some loads not all, like heating loads, these powers may be converted into useail energy but m general, 
due to the other detrimental effects of nps and zps currents on the system they are regarded as undesirable powers. 



(33) 
(34> 



2.2.2 -Total AP and of at the Load 

In general, considering balanced and unbalanced loads the total IP of the load can be written as follows: 

pV+p>p'+A p"" 

Substituting appropriate signals into (33) yields; 

p - 3^V*I V^* -H V-lV''" + V^iV'^' j + 3|^VMV^' + V-I^tfi^' + V^lV^'p--**' 

Note that, as previously mentioned, some of the terms in (34) would be negative for unbalanced loads. 
As can be seen the IP consists of a complex dc and a complex ac term. The frequency of the ac component is double 
the system frequency as expected. The dc term representing P and Q are the result of the product of the same 
symmetrical components. 

The apparent power is <itT\:i^d. as 2-Norm of the IP. Substituting (34) into (12) yields; 



3V*'re*'^* +3V-rei'f" +3V*'l®#**^**j" +j3Vi V^* +3V"I V^^ + 3V*I°ej^' 



I 

(35) 
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where: 

P*=-3V*rcos«p*. Q"=3\rrsin<p" 
P"-3VTcostp", Q~=3V"rsin9* 
P*=«3V^rcoscp% Q*=»3V*rsin(p' 

The AP defined by (36) can be written in terms of S, and as given below; 



S»VSj+Sj (37) 
where 

S, - 3 I Z{v'l'N ZV''V'^l^*r^cos(<p'* (38.a) 
rl»f2 

« 3^(v*(-)f + (vr )^ + {v**l^)^ + 2V* V-r rcos(>* - X') ^- 2 V*»(-l«cos()* + 2 V-V<»r l''cos(X'' - X* ) (38.b) 

Equation (38.a) and (38.b). which are in terms of the symmetrical components, are equal to (45.a) and (45.b) in [2] 
respectively. 

The pf defined by P/S can be deduced from (39). 

Power factor specified by (39) Is exactly the same as that calculated from the phase co-ordinates, obtained in [2]. 
As was previously mentioned, the unbalanced load converrs some of its p' and into other IP components. This 
implies that P", P^ Q", from dc terms and also VfexpOXf ). Vl'^expOX") of the ac components in (35) or (36) 
would have opposite sign to P\ Q*" and V'i'expGX*). This means that former quantities are actually flowing from 
the load towards the system and other balanced loads. The active power that is actually consumed by the unbalanced 
load, P, , is smaller than that taken from the system. Although the difference is injected back to the system to be used 
by the system impedance and other balanced loads, the unbalanced load itself is the cause of the discrepancies 
between power components. The same argument is equally applicable to the calculated AP specified by (37). 
Considering pf shown by (39), it can be seen that smaller S implies larger pf, however, P, also would be smaller. 
Then some of increase in the pf due to decrease in S may be compensated by the lower value of, P,. On the other 
hand, consumers pay their energy bill on active power as well as pf. Therefore, If P, is considered for energy bills 
then the unbalanced loads do not pay for the system pollution that they are causing. It must also be said that this 
phenomenon is a mutual effect between loads and systems since the amount of power that is injected back to the 
system by the unbalanced load depends on the system impedance as well as the amount of unbalanced current. Thus, 
from the consumer viewpoint, one may argue that the consumers should not alone be penalised for the pollution. Of 
course any supply system has some impedance which should comply with the standards. It is believed that if the 
supply system condition complies with the design standards then the consumers should pay for the extra losses of 
the system. 

3-MODIFIED APPARENT POWER AND POWER FACTOR 
With reference to the above discussion it is desirable to use P'=«jV*"rcostp\ for energy billing purposes. In this case 
the unbalanced load would pay for the pollution it is causing. On the other hand, balanced loads that are in parallel 
with unbalanced loads do not pay for the powers in the fomi of nps and zps active powers that they may be using. 
However, as was mentioned before, these powers are regarded as undesirable powers. It can be said that the 
balanced loads are forced to use these undesirable powers. Therefore, since the supply authorities receive the cost of 
energy from the source of pollution, there is no point of charging the balanced loads again. 

If P* is used for energy metering then it is technically reasonable to suggest that the AP that is calculated from the 
pps voltage be considered for measuring the pf. This is different to what has been suggested in [1] as the AP used in 
pf calculation would be different. For unbalanced loads, P' tends to increase the pf but the AP calculated using only 
the pps voltages may be higher than the case when total AP is considered. Hence, higher S may compensate the 
increase in pf due to higher P\ The value of Sy depends on the magnitude and phase angles of the sequence voltages 
and currents. 

Thus, the IP is calculated from (40. a); 

where , and U are the phase currents and v*„, , v*„i, and »•*„.• ore the complex pps voltages. Note that (i) has been 
ignored for simplicity. 
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The AP is the 2-N rm of Equaii n (40 .b). Thus; 



Equation (4 1) can be written as below; 

Note that (42) has the same format as the AP at the source given by (13). The pf is thus given by (43). 
f Zl 3V*l*cos<p* r^cos<p* (43) 

' ^ ^ ' 3w*l*\r' "1777 

As an example consider a 1 -phase circuit with a source voltage of 100 V rms and a load of 8 t; that is supplied via a 
system impedance of 2+j4 a The active power and AP of the load are 689.7 W and ^ 689.7 VA respectively that 
give a pf of =50.707. 

Power factor is used to define the electrical quality of loads and determines the utilisation of a supplymg system. 
When the above load is connected to a 3-phase system with an exactly similar transmission characteristic neither 
load's quality nor utilisation of the system changes. Thus, the load pf must be the same. Consider that the above l- 
phasc load is connected to the phase "a" of a 3-phase system with the line impedance of 24J4 n/phase and zero 
neutral impedance, i.e. ideal earthing (for simplicity). Using (37) the load AP is V2 689.7 VA and the active power 
is 689.7 W that gives a pf of 0.707. It can be seen that the load pf has not changed. This is logical as netthcr the 
system losses nor load power consumption has changed. However, to reflect the effect of the unbalanced load on the 
system. (42) and (43) must be used that give 5-1183.4 VA and pf=0.68. a lower pf Note thac 229.9 VAr pps 
reactive power is measured at the load terminal that is equal to the sum of nps and zps reactive demand of the 
system impedance as the load itself does not demand any reactive power. 

4-IMPLEMENTATION OF THE ALCORITHiM 
The AP can be calculated/measured either in time domain using (40,a) or from the product of the rms of pps voltage 
and pps and nps currents defined by (42). Note that since pps voltage is used in S calculation then the referenc 
voltage is eliminated from the equation. Thus the AP given by (42) is independent of reference voltage. Both 
methods are described here. 

4.1-Tirne Domain Technique 

The average value of (40.b) is the pps active and reactive powers. In order to obtain (40.b), the pps voltages for three 
phases must be extracted from the phase signals. There are different methods that can be implemented to achieve 
this [3]. The description of these methods is out of the scope of the present work. Assuming that v"„ v*b and v « ar 
obtained, then the quadrature voltages that are formed by phase shifting the pps voltages are obtained e^ch 
phase. Multiplication of the real and imaginar>' voltages with appropriate phase currents provides Equation (40.b). 
Thus; 

v^k = V*cos(a>,i + a:)j 

vjc^ V'^sin(ai,l + a;)|^^^^^ 
where; 

aj = a\al = a*" - I20\a; = a* + 120* 

Pp- Zv^k/,, «3V*rcos9*+3V*rco3(2a)it + X*) (^^-a) 

Pq= Zv'k «3V*rsinip* + 3V*'rsin(2co,t + >.*) (^^'^^ 
k •a.b.c 

The average value ofpp and are the pps active and reactive powers as given below; 

Q*.|j;^%,dt ('^^-^i 
The IP is given by (47) and the AP. defined as the rms of the IP is given by (48). 

P'^P.^iP, ^^^^ 
The components f S given by (48) arc calculated as follow; 



(44.a) 
(44.b) 
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By substituting (49.a) and (49.b) into (48) Equation (42) is deduced 
4.2*AP Calculation Using rms Values of Voltages and Current 

Equation (42) can be determined from the rms values of the voltage and currents. It can be proved that the pps 
voltage is independent of the reference voltage. 

Vmeask ='Vt-v„^La,b.c ^^^^ 
3v" - . + Hv„e«b + H^v„ea5 c (51) 

where :H - c^, =e ^ 

^mcaik - measured phase voltage, » phase voltage 
Thus 

^ + Hvb + H-Vc - (I + H + H^)^r^f ^^'^ 

Q ' 

^ Since ( I +H+H^)==0 then the reference voltage is eliminated from (52). The rms of the pps voltage is given by (53). 



3V*«JXj;*^3v*)^dt 

ffl The amount of hardware and software for calcalating the AP will be reduced if (42) can be arranged in terms of the 

phase currents. Equation (42) can be written as (54); 

y s = 3v*Vr^^^=3vWr^r^l°'.I°' . (54) 

It can be shown that the following relationship exists between the rms values of phase and symmetrical component 
1_ currents ( I ]. 

: '""a 

ffl The rms of zps current is deduced from (56). 

Substituting (55) and (56) into (54) yields; 



where I^, rrns of the phase currents. 

S.CQi\CLUSlONS 

The new AP described in [2] was represented in terms of the symmetrical components. The active and reactive 
powers were determined as dc signals on the real and imaginary axis. As in [2] the quantities defined as symmetrical 
and unsymmctrical AP were obtained in temns of the symmetrical components. ; * 

It was shown that the IP of 3-phase ideal source consists of a complex dc signal, which gives the active and reactive 
powers and is the result of the product of the pps voltage and current, and an ac signal which is the result of the 
product of pps voltage and nps current. The ac term is responsible for the increase in the AP when the system is 
unbalanced. 

The reactive power is a physical quantity. Whenever there is a phase difference between the voltage and current, 
there exists a reactive power in the circuit. The difference bc^veen S and P not only depends on the existence of the 
reactive power but on the ac term of the IP. It may not be possible to attach any physical meaning to this term. 
However, it can be said that the ac term causes the increase in size of S. 

The compensation of reactive p wer by passive elements also affects the ac components of the IP, 
It was proved that unbalanced loads convert some f the power components into others and injects them back l the 
system l meet the demand by the system impedance and other parallel loads. As a result, it was suggested that only 
the products of the pps v Itagc with pps and nps currents be considered at the load terminals. Also since the above 
argument is valid for the active and reactive powers then it was suggested that the pps active power be considered 
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for the energy biU purposes. It was suggested that the pf be calculated from the pps power and the AP that is the 
result f the product of the pps voltage and pps and nps currents. 

Two methods were presented for devising the algorithm using rms of the IP or ms of the pps v Itag and 
appropriate currents. 
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Assume that the source pps voltage is given by (Al). 
e(/) o Eco$(CDit) 

The sequence voltages at the load are given by (A2). 

v"{f)»-Av-(0 
v'(0»-Av**(f) 
Where: 

v*(0« V^cos(a)it + a*) 
v"(r) o V'cos(cD|t + a" ) 
v«{r)o v*»cos(<o,t4-a*) 

The magnitude and phase of each component are given below; 



T^APPENDTX A 




(A6.b) 



(A6.a> 



ir«*»-',o 



(A7) 



(A8.a) 




(A9.a) 
(A9.b) 



(AS.b) 




(AIO.a) 
(AlO.b) 
(All) 
(A 12) 
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A NEW CONCEPT IN AC POWER THEORY 
Part Three: The New Apparent Power and Power fact r with Non-Sinusoidal Waveforms 
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Email: foighassemi@cQinpuserYe.com 

ABSTRACT In chU paper the new power theory is Investleited for aon-siauaoidal wavefomu. It will be showa that the inataataneoos 
power compooeocs caa be determined in frequency and time donains. The reactive power is detenntned as a dc imaginary signal in the 
form of the som of harmonic reactive powers. This is equivalent to the Budeaao reactive power. 

The apparent power tn t*pbasc and 3-pha5e systems is investigated. The Symmetrical components are used to identify the components of 
the Instantaneous and apparent powers and it is showa that the use of the fundamental frequency component is sufricient for calcaUting 
the active and apparent powers and thus the power factor. A new definition for the Distortion Power is also presented. 

KEYWORDS Apparent Power, Power Factor, Non-Si oosoidal Waveforms, DUrortion Power. 

l.lNTRODUCTIOtN 

The definition of active, reactive and apparent powers and also power factor (pO when the waveforms arc not sinusoidal have 
been investigtited for many years. There ii much literature on the subject that dates back as far as 1927 (I, 2, 3]. Rcf. [l] 
highlights the reasons for using the apparent power in power cnginecnng. For detailed study of the problem the reader is rcfcacd 
to this large amount of literature on the subject. 

In the first two parts of this report a new apparent power (AP) and pf was defined and investigated for l-phase and 3-phase 
systems. The purpose of the present work is to apply the new definition of the A? to a non-stnusoidal waveform situation. The 
basis of the proposed power theory is such that the active, reactive powers and AP can be deduced in time or frequency domaito. 
In the new method a quadrature axis voltage is obtained by phase shifting the voltage signal by -90* to fonn a complex 
voltagc(4]. This connplex voltage is then used to calculate the instantaneous power (IP). If the voltage(s) and current(s) arc non- 
sinusoidal, then the IP will consists of different frequency terms. It will be shown that these frequency components may increase 
the size of the IP that is defined by its 2-Norm. The format and significance of the average value of the IP is also highlighted. 
It is postulated chat although it is possible to devise a signal processing system (filter) with a phase response of -90*' for all 
hannonics of the fundamental frequency to obtain the quadramre axis voltages, this is not an essential requirement. The use of 
the fundamental frequency component (ffc) voltage may be sutVicicnt for calculating the AP and hence the use of complicated 
signal processing with a particular phase response is avoided. 

2>SINCLE PHASE POWER COMPONENTS 
Consider an ideal source that feeds a non-linear load via a transmission circuit The non-linear load draws a non-sinusoidal 
current. The source and load terminals are considered separately. 

l.l -Source Terminal. 

The voltage at the source and the current in the circuit are given by (I) and (2) respectively. 
tf(0 = E,cos(wtO 

where Ph is the phase angle of the harmonic currents with respect to (w.r.l) the source voltage and h is the harmonic order. The 
source can only gcncrutc the ffc voltage. The quadrature xkm voltage and the IP are given by (3) and (4) respectively. 

(3} 
(4) 



e^(r) = E,sin(o)jt) 

Pit) = emiO" (0 = E(e^*^'' I iihC0s((0h t + Pj,) 
Equation (4) can be rewritten as follows; 



where; E,=rm3 of the real ftc voltage 
It*rms of the ffc current 

<pi«phase anzle between ffc voltaae and current =-Pi 

>M-+Pl 

h= harmonic order 

Ih* rms of harmonic components 

cdih"Cij|-a)h , (o***«a)|-KUh forh^I 

9ih«-Ph . Xih-Ph forh*! ^ 4 A 

It can be seen that the IP consists of dc and ac components. The average real and imaginjr>* values represent the stanaara 
dciinition of active and reactive powers. It U evident that the source can only produce these components by ffc. This is physically 
acceptable as the machine is driven at the fundaincnial angular frequency and the energy conversion and voltage generation tOACS 
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place at this frequency only. The product of other frequency components with ffc voltage cannot have any average value neither 
on real nor imaginary axis. 

It can be also seen that the ac terms do not have equal frequencies. The produa of the ffc voltage with the current harmonics 
(excluding the ffc current) leads to ac terms with distina negative and positive frequencies that are denoted by a>ii, and o)^** 
rcspecdveiy. The product of the ffc voltage and current also result in an ac term with double frequency. The AP, which is the 2- 
Norm (rms) of (5), is thus given by (6), 

S = hiUf^ {E,hf ^ i(EiI, f + ±{E,\J = V2Ei Jili" (6) 

I lt-2 h«2 Vh-t 

Note that the ac terms of (5) cannot have equal frequencies. 

The same result can be deduced in frequency domain. By performing convolution on the frequency spectrum of the voltage and 
current, given by (7.a) and (7.b) respecnvcly, the same result as calculating the Fourier transform of (5) is obtained. 
E(f) = Efi(f-fO (7.a) 
I(O=-|0h^'***»5(f-fh)+ih»"^^»'S(f + fh)] (7.b) 
The frequency spectrum of (5) is shown In Fig. 1 1 . 

It is clear that the AP given by (6) can also be calculated from the spectrum of the IP shown in Fig. 11. 

SoV(E|I|)^+S|f + sJf +S!f+... (8) 

where Sjft Sj^v S.f, .... are the magnitude of the ac-terms of the IP at different frequencies. 

The term in square brackets in (5) can be regarded as the Distortion Instantaneous Power (DIP), since it exists if the current is 
non-sinusoidal. Distortion Power (DP), which is a component of the AP, is defined as given in (9). 



|h-2 



(9) 



Thus, the AP can be rewritten as follows; 

S = V2P- + 2Q- + D- (10) 
^,^^,oadTem^t^a^ 

The load terminal voltage is obtained by subtracting the voltage drop of the system impedance from the source voltage. Thus; 
(0 = (Rih + ^Hh <:os(Oht + Ph ) ( 11 .a) 

Av(0= lAvh(0 i:AVhCos(a)hl + a^) (ll.b) 

h>l h-t 
where : Rjj^ « system impedance resistance at frequency h 

^sh ~ system impedance inductance at frequency h 

- >/R^+(a3hL^)^ ih (I2.a) 

"Ah=Ph+<Pih (I2.b) 

*Psh = tan->(ii^) (!2,c) 

and 

v(t>-«(t)-Av(t) (13) 
Substituting (I l.b) into (13) yields; 

v(0 « EiCos((i3,t) - f; AVh cos(Oht + a^h ) ( I4.a) 
h-i 

v{r) = ViC0s(a)tt+a,)+ ZV^ cos(Q)ht + ah) (I4.b) 

h-2 

where : 

V, = - AV,cos(aAO]" +['iV,sin{a^,)]- (15.a) 



a,--tan-'[, ^^l^'"(<^^t) j 
E(-AV,cos(a^l) 



(15.b) 

Vh«AVb|^.^ (16.a) 
«h -a.\h+n[^^, (I6.b) 

Equations (17.a) and ( I7,b) give the complex voltage signals for the system impedance and load tenminal respectively. 
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h-i 

VfflW- iVbeJ^«^***h> (I7.b) 
The corresponding IP are given below; 

+ iAVhih^"**'**'^Wa)ht + 0h)+ i iAVj„tf^°«'*«^>cos(Q)„t + P„) (I8.a) 

h-2 

ll can be seen that those terms of the IPs that do not involve the ffc voltage have equal magntcudes and opposite sign. This 
Implies that the load actually supplies these components of the IP to the system impedance. For the system considered, the source 
of these components of the IP are the components that arc the product of the ffc voltage and harmonic currents, namely; 

= V,V«"i'*«»>cos((o,t + P,)+ iVtihej<"»*^i>cos((.)ht + Ph) 

h-2 

(19) gives the IP components that the source can produce. Any other demand is met in the non-linear load by convening some of 
the IP components from (19). Note that the equivalent of (19) for the system impedance is also provided by the source. This 
phenomenon in a non-sinusoidal situation is similar to the case discussed in (3 J. when a 3-phase unbalanced system was 
considered. More discussion will be given later in this report when power factor (pO is investigated. 

( 18.b) can be rearranged as follows: 

h*l h-t n«l tHBl n«t mal 

where: (Ph-Oh-Ph. ^h-ah+Ph. <pBm-a„-P„ . X«„=ct„+p„ 

V and I with subscripts denote the rms of a specific harmonic. 

(20) gives the total IP at the load terminal. Note that the average imaginary of (20) is the Budeanu*s reactive power [6], In that 
dcfmition the total reactive power wa^ defined as the sum of the magnitude of ac components with different frequencies. That 
was not acceptable to many researchers [6], However, with the new method presented in this article, the reactive power is 
deduced as the sum oT dc terms. This docs not present any analytical problem. The real average value of (20) Is the total active 
power consumed by the load. Thus; 

Pt+jQt = Z^h'hCOscph+jSVf^lhSinph (21) 

The frequency of the ac terms in (20}» depends on the frequency spectra of the voltage and current. It is clear that the product of 
different frequency components of voltage and current in time domain (or convolution in frequency domain) may result in the 
formation of ac components with equal frequencies. Thus in general, combining the ac components with equal frequencies* the IP 
at the load terminal can be written as follows; 

P-tW'''^ is,cJt"«*^®-> (22) 
h-l w.^ 

where: Sw"* magnitude of the ac tcnns for diflerent frequencies 

angle of the ac terms 
The AP is thus given by (23). 

S-Xsv,lhCos9,)2 + (ZVhIhSintPh)U t^l (23) 
K h.| h-t w--^ 

If the relationships given by (24) are valid for the IP then the AP can be written as (25). 

2aJhTft Q)(i^ . 2cOhi^a)'*"^ (Oa^^tQi)""* ) for any h, n and m (24) 

S= l<IVhlhCoscph)- + (f:VhrhSin(Phr"+ i(VhIh)' + 2i Z(V„I„)2 (25) 
ll h«t h-I h«t n-lm«l 

The pf is equal to P/S. Thus using the total active power given by (2 1) and total AP described by (23)* the pf can be calculated. 

3^DISCUSSI0\ 

It was shown that the source can only produce those components of the IP that are the product of the ffc voltage and fill I 
spectrum of the current. Those terms of the system impedance IP that arc the result of the product of the harmonic voltages (non- 
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fTc voltage) and fiill spectnun of the current are supplied by the non-linear load. If the current spccmun of the non-linear load is 
not disturbed by any form of filtering, then the source of the above IP components are those terms thai result from the product of 
the ffc voltage and full spccttum of the current If filten are used to modify the current spectrum then some of the non-ffc voltage 
components are produced by the filters. 

Since the active power is only generated by the ffc voltages and currents then active, harmonic powers are supplied by the non- 
linear toad by converting some of the ffc power. 

The above argument is also true for the harmonic power components of any linear load in parallel with the non-lincar load that 
absorbs harmonic currents. In other words. Ac non-ffc voltage components of the linear loads are supplied by the non-linear 
load. Note that the ffc active and reactive powers of the linear load are smaller than the total active and reactive powers as for 
linear loads the harmonic active and reactive powers are added to the flfc of the respective power components. However, 
harmonic powers have a detrimental effect on systems and one may argue that the linear loads are forced to consume these 
powers. 

Hence, it is suggested that the IP is calculated only for ffc voltage components. The logic behind this is the fact that other power 
components are supplied by the ffc voltage terms. The non-linear load must be held responsible for the harmonic pollution, 
assuming the system impedance values comply with the design standards. 
Thus the IP is calculated using (26). 

P(0 - v„.(0/-(/) - VJ».i'' + v,^eJ(^-''*^»^ + i rVitKej<"»H-.,h) + Vil,.>("">*^tH>] (26) 

It can be seen that (26) has a format similar to the source IP. The ac terms do not have equal fixquencics. The average real and 
imaginary values of (26) are the ffc active and reactive powers respectively. The AP and pf of the load arc thus given by (27) and 
(28) respectively. 

S = >/2 /(V,I,)'+ i(V,Ih)- -yiv.jilj (27) 
pf>_P^ Vilicosipi _ !|C0S(p| (28) 

llh-l Hh-l 

It can be said that the AP and pf given rispeciively by (27) and (23) reflect the electrical quality of the load m single phase 
pure/non sinusoidal situations. 

4-!MPLEMENTATI0NOFTH£ TECHNIQUE 
In order to calculate the AP, the voltage signal must be phase shifted by -90*» to obtain the quadrature axis voltage signal. Thus, a 
system is required with a phase response of -90** for all frequencies in the bandwidth considered. However, it was shown that the 
product of the ffc voltage and full spectrum of the current can reflect the energy consumption and quality of the load. Hence, it ts 
essential to filter the voltage signal to extract the ffc voltage and then to perform the phase shiaing process. This eliminates the 
need for a sophisticated filtering and signal processing. 
Appendi.x A shows that (29) can be used to calculate the AP. 



S - ^{ rms(v,p(r)t(o] p + { m:tstv^(0*(r)] f ^"^^ 
where : vip(f) V,cos(a),t + a|), v,q(/) « Visin(coti +ai) 
is given by (2) 



5-THREE PHAS E SYSTEMS 

The procedure for calculating the AP in 3'phase systems when the signals are not sinusoidal is exactly the same as the case that 
has been described in [4] and the proceeding sections. 

5.1-AP Calculation Using Phase Quantities 

Assume the phase voltages and currents at any point in the circuit are given below: 



(30.a) 



(30.b) 



'kW- ZlkhCos(a>ht-HPjth) 

h-I k.a.b.c 

Where k and h denote phase number and harmonic order respectively. Note that in order to consider a general case the harmonic 
order for dilTerent phases may not be the same. 

The complex voltages and the total IP are determined from (3 1) and (32) respectively. 
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•>•' k-i.b.e 



(31) 
(3Z) 



where V^i, and Ik^ arc the rms of the per phase hannonic voltages and currcncs. Sw « the magnitude of the ac terms of the IP. 
The AP is defined as the 2-Nofm of (32). Thus: 

a 



f ZSkwC0s9khl +f ZSkwSin9kh 



(33) 



S described by (33) is the total AP of the non-linear load itself, excluding the demand by the system impedance and any other 
linear parallel load that absorbs some of the harmonic currents. The pf is the ratio of the active power, that is the real dc value of 
(32). and S given by (33). . u u m l 

At the source and also if the load terminal ffc voltage is considered in the power analysis of 3-phasc systents, then the if can Dc 

calculated from (34) . 



k-*.b.e k.i,b.c k.«,b.c I>-1 

k-»,b,c k-a,b.c h-2 k-a,b.c h-2 k«*,b.c 

Where, for the source, Vw. is replaced by E,. It can be seen that the ac part consists of terms with distinct positive and negative 
frequencies. The AP is thus given below: 

where: 




k>a.b,c 

ZVfc.Ikie''-" 
k«i.b.e 



As given in (4) 
As given in [4] 





3 

+ 1 




k«a,b,c 


h>2 





(36.a) 
(36.b) 

(37) 



the ffc voltages and currents. 

The pf is then calculated using real dc value of (34) and S given by (35). 
5.2-AP Calculation Using Symmetrical Components 

If the system impedance can be considered equal in all three phases, then the 3.phasc system can be replaced by three uncoupled 
systems known as sequence impedances. 

The above statement is very near to true in a 3-phase system when only flc signals are present. However, if there !S a non-Unear 
load in the circuit, then mutual effects between sequence networks exist at harmonic frequencies. This is due to the fact that the 
condition of system impedance symmetry may not be fulfilled since the self and mutual impedances of the phases may be 
dinVrent as the frequency increases. . _ 

However, it is alwavs possible to resolve the voltages and currents at any point in the system mto symmetrical components, ine 
system impedance asvmmetry only results in coupling between the sequence networks. This implies that the current in one 
sequence circuit gives rise to a voltage in others (71. Therefore, having measured'calculated the phase co-ordtnatej of volwges 
and currents, then wide band frequency spectrum three phase signals can be resolved into s>Tnmetrical components. Urjequal 
system impedances implies that Equation (16) in (5] is not strictly valid since voltage drop on sequence impedances of the Itne ts 
not due to one sequence current only. . * . , . u ^ 

The voltages and currents ore defined by (30.a) and (30.b). At any point in the circuit the followmg relationship bc^veen tne 
phase and symmetrical component voltages exists. 



V* (0 = (0 = } l[v^ (0 + VbK(r + ^) + v,h (t - ^)] 

v-(0 - (0 - \ t[v^ (0 + vw,(r + v,h(/ + ^)] 

v**(0« f:vj(f) = 4 f;(v^(/)^-v•bh(0 + v,h(r)] 
h.l ''h.l 

where Th is the period for each harmonic including the flc. The same relationship can be defined for the currents. 

If the 3.phasc system is balanced, then harmonics will appear only in one symmetrical component signal; For example, ror 

balanced 3-phasc systems the 9*** harmonic appears in zero phase sequence (zp<) only and the 2 harmonic as negative phase 



(38.a) 
(38.b) 
(38.C) 
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jcquencc (nps). However, considering a general case the positive phase sequence (pps). nps and rps signals may contain 
harmonics irrespective of their orders. 

The symmetrical component currents and complex voltages are defined by (39) and (40) respectively. 



(39) 



k-a,b.e 



(40) 



where: aj,=>aj , aaf -120* . oi-af + UO* 
ai - Oh , ojh = tth + 120* . <h = a; -120* 

Pi-PS. PJh=PS + »20'. Pi-PJ-no- 

Pi,=Ph . P&.=PS .Pd.=Ph 
The total IP is defined by (22.a) or (22.b) in [5]. The elements of the total IP are given below; 

P*= Zv;ric{'Vk*(o = 3i iv;i;e«"-'*'-i=3ivfc*i;e'<^-3i f:v;i;e««'-'-'-' (4l) 



p»= Zv;:;,(,y;'(,)-3ivh»ige^"'w3z zvxeJ'"""'*'''"-'+3Z zv^is,**"™-^-' («) 

P*= Zv;kW'W=.3Ziv;i;.i<»""-^5«.' (44) 

Zv;;*('>t(o-3ziv„-i;e«""'*^"' (^5) 

k»a.b.c nal m«l 

Zvi^k^' = zv^/e"= zv»kC'= Zv^'ir"=o (46) 

k«a,b.c k«a.b.c k«a,b.c k»a.b.c 

where: o)fl^=o>,-Q)„ tt)'^=<Oa+Q)„ 

and h, n, m =» harmonic orders. 

With reference to [5] and the arorcmentioncd analysis the following remarks can be made. 

1- The product of similar sequences and harmonics leads to dc values in p\ p" and p* . 

2- If the signals are pure sinusoidal, the result is the same as that obtained in [5|. 

3- The ac components of/>* and p' have frequencies that result from the difference of the harmonic frequencies. 

4- The ac components of have frequencies that arc from the difference and summation of the harmonic frequencies. 
5. p* and p' have frequencies that result from the summation of the harmonic frequencies. 

6- At the ideal source terminal p' , p' and p^ arc all zero. The average value is V,*l/cxp(jii>r). 

7- For non-linear loads, p' , p' and p' at all frequencies are equal to the demand of the system impedance and any other 
parallel loads that absorb the harmonic and unbalanced currents of the non-linear load. 

8- The terms mentioned in 7 are supplied throughp*and p* by the source for the system considered. Note that if there is any 
form of harmonic filtering, then the above lerxns are supplied by the source and filter. 

Combining the ac terms with equal frequencies^ the total IP is given below: 

p(0»p* + p- + p« + p* + p' (•^^> 

The average values of (43) on real and imaginary axis are the load active and reactive powers respectively as shown below. 
I Vh^ljcostpf + I Vh Ifc-cos^pJ + S VJ?lScostpS J C-*^) 



P = 3 
Q = 3 



.h»l b«t h>t 



r V^n^sintpJ + Z Vh IJsintpi; + ivJlKsincps] (^0) 
»t h.l b»l J 



Z^ 

(49) and (50) are equal to the real and imaginary average values of (32). The ac terms are also equal for each frequency. The AP 
in terms of the symmetrical componenii is the 2-Norm of (48), Thus; 

50 



5 = 3^ 



2 



4- isi (5«a) 



If one can assumes that (16) in (5] is approximately valid, i.e. the system impedance matrix is symmetrical fbr all frequencies, 
then it is technically more acceptable to consider the ffc pps voltage in the tP calculation. Thus, the IP is determined from (53). 

P(0= ZvJi,fz4 + Z'i+i4.] 

p(o = 3vrire^' +3vr zi:«^""''*^*''^3vr fii^e^""''*^^'' (53) 

It can be seen that the ac terms do not have equal frequencies. The product of the ffc, pps voltage with pps currents leads to a 
complex average value and ac terms with distinct negative frequencies. The product of the ffc, pps voltage and the nps currents, 
on the other hand, results in the ac lenns with distinct positive frequencies. The active, reactive and apparent powers are given by 
(54.a), (54.b) and (55.b) respectively. 

p=3Vi*itcos(pr (^^-^J 

Q»3Vi*ffsin((>r ^^^'^^ 



I h*2 h«l 



(55.8) 



Ih-l h-l 

The APinlettnsof S„ S« and DP can be written as follows; 

Where: 
S,=3V,*ir 

s„-3vrir ^"-'^ 

It can be shown that the power components at the load terminal have the same format as the source where Vi* is replaced by E|. 
The pf is calculated from P/S where P and S arc given by (54.a) and (55.b). 

With reference to [5] and since the relationship given by (38) is valid between phase and sequence currents at each frequency h 
then (55.b ) can be written in terms of the phase and zps currents as given by (59). 



V U-l h-l h-l / h-l 



The DP can be written in terms of the phase and rps current as shown by (60). 

(60) . 



D=3vMiff:ii,+ iij,+ si2HVz;is' 

y Vh-2 h.2 h-2 ) h-2 



^THREE PHAS K ftMPLEMENTATlON 
The technique for measuring the AP in 3-phase systems is similar to the single phase method that has already been explained in 
Section 4. There is a need to extract the pps voltage after the filter section. The AP is then calculated according to [5]. It is 
essential to specify the bandwidth of the measuring units. 

7.CONCmSION 

The new method for calculating the AP and pf was investigated when the signals are not sinusoidal. Single and thnre phase 
jvstems were considered. It was shown that the technique can be equally applied in frequency and time domains. The active and 
reactive powers arc the sum of the active and reactive powers of each frequency and these are determined as the av-erage powers 
of the total IP. This partly confirms the Budeanu deHniiion of the reactive power. The diflcrence in the two approaches is the fact 
that in the new definition the reactive power is determined as the sum of dc values. 

It was shown that it Is sunicient and technically more acceptable to consider the flc voltage in the IP calculation at any point in 

the circuit This reflecu the power componenu that are present at the source. 

With reference to (5J, in 3-phaie systems the pps, flc voltage must be considered in the IP calculation. 
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The Distortion Power was defined in terms of the phase and sequence quantities. 

(U p. S. Filipiki. - Polyphise App««t tW and (W Factor Under Disiotted Wayefonn Conditions.- EEE Ttan*. Power Delivenf. Vol. 

121 t sl'iii^I^-'oSilS'^pcsition of .h. Currena in a 3-ph3« Non-linear Asymmetrical Circuit with Nonsinusoidal Voltage 

e^..^ IEEE Trans. Instrumentation and Mcasarcmcnt, Vol. 37, March 1987. pp. 30O4. ^ • « .. ,/ . 

(3J ^ ^S!icn^ Situations. A Review of Definidons and Physical Meaning." IEEE Trans.. Power Delivery. Vol. 

14] f^^'Ti^ Po^.e^ Theoiy in AC Circuics, Part One: Single ««f Three Phase Systems " Companion Paper, 

[51 l^Sl^t^Tw^'^^ pan two: The New Apparent Power and Power Fae.r in Ter™ of 

C61 tTct^Vr"^^^^ S^Iudeonu Concept of Reactive and Distortion Power and why it should be Abandoned.- IEEE 

[7, I'^li^ol'^^^^^^^^^ Waey^Sons, 1985. pp224.22S. 



1o-APPE^^)IX A ..... u u A ^ 

The voltage signal must be filtered to extract the fundamental frequency component (ffc). The filtered signal is then phase shifted 
to foon the complex ffc voltage. Thus; 
V|p(0=»V,cos((Dit+ai) 

vtq(0 « VjC0s((a,t+ai — 1)= Visin((ajt + at) 

VmW«=V|p(/) + jviq(0 
The IP is given by (A3). 

where : ^ 



P.(0 = Vil,sin9|+Vilisin(2aj|H-X,)+ X ViU5in(o),ht + 9,^) -k lV,IhSin(Q) i + X,h) 



V and I with subscripts denote the rms of the signals. 
The AP is dot'incd as the nns of the IP. Hence; 



where : 



rms(p(/)l = ^(rms(pp(f)]f + [nns[p^(oJP 



nns(pp(Ol=' 
rms(pp(01- 



(Al.b) 
(A2) 



(A4) 
(A5) 



C3 

hi li.I •>•' 

^ (A4) and (A5) can be wrinen as follows; 

U V,I,cos(p, + V,l,cos(2tfl,t + X,)+ iViIhCos((o,hH-<Pih)+ iv,lfceos((i)"'l +X,h) 



h.2 



(AS) 



(AlO) 



The AP can be written in terms of active, reactive and distortion powers as shown !n (A12). 

where: (Al3.a) 
P « Vjlicostp, « averjge[pp(r)l (Al3.b} 
Q a V)i|Sin9 , »avemge[p^(0| 

(AI4) 
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Having described particular preferred embodiments of the present invention, it is to be 
appreciated that the embodiments in question are exemplary only and that variations and 
modifications such as will occur to those possessed of the appropriate knowledge and skills 
may be made without departure fi-om the spirit and scope of the invention as set forth in the 
appended claims. For example, whilst the present invention has been described as a meter, the 
method employed in the operation of the meter could be used for monitoring of power 
parameters whilst load conditions are being varied or are fluctuating. 



53 



